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SECTION  1 

INTRODUCTION  AND  BACKGROUND 

A  nioac  impcczan;  cgmponcnc  of  any  hardanad  aotninand  and  control  scrucoura 
is  cha  ancanna  syscain  that  providas  tha  contmunication  link  with  tha  outsida 
world.  Consaquantly,  aithar  tha  antanna  systam  or  tha  structuras  housing 
such  ancannaa  naad  ta  ba  hardanad  to  rasist  spacifiad  thraats.  It  is 
probably  not  practical  to  hardan  aithar  axposad  whip  or  diractional  ancannaa 
for  ovarprassuras  graacar  than,  say,  25  psi.  Consaquantly,  blast  and  SM7 
hardaning  is  aehiavad  by  housing  ancannaa  in  structuras  dasignad  to  rasist 
spacifiad  ovarprassura  lavals. 

Whip-typa  or  talascoping  ancannaa  axcand  up  to  about  60  faat  in  tha  air 
and  hava  an  operating  range  of  about  100  miles,  depending  on  tarrai.t 
features.  Directional  antennae  hava  parabolic  dishes  and  can  be  baamad  to 
satellites  for  world-wide  communications.  Tha  diameter  of  tha  dish  is 
dependant  upon  t.ha  frequency  range  of  tha  communication  systam.  for 
example,  in  tha  super  high-frequency  (SHF)  range,  parabolic  dishad  having 
diameters  3  faat  and  graacar  are  common.  In  tha  extra  high-frequency  (SHF) 
range,  dishes  having  diamatars  2  to  3  feat  in  diamacar  are  realistic. 

Based  on  tha  size  and  function  of  these  antennae,  it  raasonabla  that  a 
family  of  flush-buried,  silo-cypa  structuras  having  internal  diamatars  of 
43,  36,  and  144  inches  up  to  20  faat  in  length  should  conceivably  house  any 
of  t.ha  ancanna  types  including  necessary  components,  i.a.  transmitters, 
receivers,  power  supplies,  etc.  It  is  anticipated  that  an  ovarprassura 
range  from  1  kilobar  (approximately  15,000  psi)  to  500  psi  from  a  1-NT 
device  should  meat  tha  raquiramants  for  most  design  considerations  and 
consequently  has  bean  used  as  tha  basis  of  design  for  this  report. 

For  t.ha  whip  antanna,  a  concept  is  shown  in  Figure  1  using  a  silo-type 
structure  with  a  removable  closure  that  will  house  an  antenna  that  can  ce 
telescoped  into  tha  air.  Two  generalised  schemas  are  shown  in  Figure  2  for 
a  pop-up  and  fold-out  and  a  pop-up  directional  antanna.  Tha  use  of  a  fold- 
up  antenna  minimises  tha  size  of  tha  hardened  structure  and  hence  its  cost. 
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1.1  CBJECTIVS. 

Tfva  oisjecr.ive  is  so  provide  design  guidance  Joe  a  family  of  scruesures 
chat  can  pcocecc  whip  and  directional  antennae  from  th«i  blast  and  shocic 
effects  from  a  1-MT  device  for  ground  surface  overpressures  ranging  from 
1S>000  to  300  psi. 

1.2  SCOPS. 

The  pertinent  weapons  effects  criteria  for  a  1>MT  device  detonated  on 
and  over  a  dry,  sandy>  silty  soil  terrain  were  first  defined.  These  effects 
.necessary  for  design  included  the  crater  size,  the  ejecta  field,  airblast, 
and  ground  shock  for  ground  surface  air  overpressure  levels  ranging  from 
13,000  so  £00  psi.  As  the  antennae,  transmitters,  receivers,  power 
supplies,  and  lifting  mechanisms  will  be  located  within  such  structures, 
appropriate  shock  spectra  plots  were  developed  to  determine  if  the  fragility 
level  of  pertinent  equipment  will  be  exceeded  and  for  designing  shock 
isolation  systems.  The  static  resistances  of  a  family  of  silo-type 
structures  having  internal  diameters  of  4,  8,  and  12  feet  and  lengths  up  to 
20  feet  were  determined  for  the  pressure  ranges  of  interest.  Both  slab  and 
dome-type  closures  were  considered.  The  influence  of  strain  rate  and  the 
triaxial  state  of  stress  of  concrete  were  examined  to  show  the  significance 
of  t.hese  parameters  in  determining  the  resistance  of  t.ne  silo  system  to 
overpressure.  Power  requirements  were  determined  to  pash  the  closures 
through  an  ejecta  field,  lifting  and/or  handling  mec.hanisms  for  slab  and 
dome  closures  as  well  as  lifting  mechanisms  for  the  various  types  of 
antennae  were  also  examined.  The  relative  cost  of  the  various  elements  of  a 
hardened  silo  structure  to  include  the  lifti.tg  systems  is  presented  in  terms 
of  overpressure  level.  From  this  information,  cost  trade-offs  versus 
distance  can  be  studied.  Finally,  an  assessment  was  made  describing  where 
i.mprovements  are  needed  for  design  procedures,  what  supporti.tg  data  are 
pertinent,  and  what  field  tests  ace  needed  to  support  the  role  of  hardened 
structures  to  house  antennae. 
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b.  ?op-up,  small  dlamataci  diractional  anttnna  schama. 


Figura  2.  Daalgn  concapcs  t'oc  scructuraa  housing  diractional  ancannaa. 


SECTION  2 

WEAPONS  EFFECTS  LOADING  PARAMETERS 

In  :)r.«  design  o£  an/  aystatn,  it  is  first  important  to  tstablish  the 
input  loading  conditions.  The  loading  oonditions  genaratad  by  tba 
detonation  of  an  explosion  that  need  to  be  considered  in  the  design  of  a 
structure  include  aisblast>  ground  shook  (airblast.  directs  and  crater 
induced)  and  ejecta.  We  shall  assume  for  demonstration  and  design  purposes 
a  1-.M7  weapon  detonated  in  a  dry  soil  environment.  The  weapon  can  be 
detonated  above,  on.  or  below  the  ground  surface;  each  of  these  detonation 
geometries  produces  a  different  set  of  maximum  loading  conditions.  For 
example,  it  is  possible  for  an  airburst  to  maximise  ground  surface  air 
overpressure  values  but  minimize  cratering  effects,  we  shall  examine  the 
different  possible  detonation  geometries  and  determine  a  consistent  set  of 
loading  conditions. 

In  establishing  the  loading  oondition  produced  by  the  detonation  of  a 
nuclear  device,  we  used  the  Air  Force  Design  Manual  (Reference  8).  computer 
codes  (Reference  14)  developed  by  the  Defense  Nuclear  Agency  (DNA) .  and  the 
American  Society  of  Civil  Engineers  Manual  42  (Reference  2) . 

2.1  DETONATION  GEOMETRIES. 

Three  burst  conditions  for  a  l^MT  weapon  were  assumed,  as  shown  in 
Figure  3,  for  a  dry  soil  site.  say.  a  dry  sandy  silt.  Keight>of>bur3t  (HOB) 
and  surface  burst  geometries  were  considered  for  airblast  loading 
conditions.  The  near-surface  (charge  below  ground  surface)  condition  was 
selected  to  produce  maximum  horizontal  direct-induced  ground  .motion,  crater 
size,  and  .maximum  ejecta. 

2.2  AIRBLAST. 

The  opti.mum  HOB  for  a  1-MT  weapon  to  produce  10.000  psi  out  to  a  range 
of  300  feet  is  about  600  feet.  The  optimum  HOB  is  about  300  feet  to  proauce 
a  ground  surface  air  overpressure  of  S.OOO  psi  at  a  ground  range  of  about 
1,000  feet.  As  we  are  interested  in  overpressures  up  to  1  )(ilobar 
(IS. 000  psi).  an  HOB  of  SCO  feet  was  selected  as  being  a  reasonable 
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csndicion  ias  cha  aboveground  burso  of  incerast.  Shown  in  Tigura  4  ara  tna 
paalc  ground  surface  air  overpressure  discance  relationships  (Reference  14) 
for  a  HCB  of  0  and  SCO  feet.  Ac  a  range  of  650  feec,  the  pai<  pressures 
based  on  cha  SNA  code  (Reference  14)  are  about  6  percent  lower  than  the 
Sroda-Speioher  prediotiona  (Reference  2)  and  about  4  percent  lower  at  a 
range  of  900  feet.  The  positive  phase  duration  and  impulse  for  a  l-.MT 
surface  burst  for  an  HOB  of  0  and  300  feet  are  shown  in  figure  5.  Shown  in 
figure  6  is  the  airblast  shook  front  velocity  (U)  with  range  for  an  HOB  of  C 
and  500  feet  for  a  1-MT  weapon.  However,  based  on  conversations  with 
Ms.  James  0.  Cooper,  of  the  SNA,  and  recent  information,  it  will  be  assumed 
that  a  burst  at  a  SOO-foot  HOB  will  produce  about  the  same  airblast 
conditions  as  an  HOB  of  zero.  Hence,  the  conditions  for  an  HOB  of  zero  will 
be  used  foe  the  calculations  for  airblast  in  this  report. 

2.3  CRATER  Sf fECTS . 

The  crater  vol'ume,  radius,  depth,  and  both  the  median  and  maximum 
thicknesses  of  ejecta  for  a  1-MT  detonation  for  a  zero  HOB  are  shown  in 
figure  7,  for  comparison  purposes,  the  median  ejecta  thickness  with  range 
for  an  HOB  of  0  and  depth  of  bursts  (DOB)  of  S  and  10  feet  are  shown  in 
figure  a.  The  crates  dimension  for  the  two  DOB  conditions  are  also  shown. 
The  ejecta  with  distance  has  been  shown  on  an  expanded  vertical  scale  so 
that  the  magnitude  of  this  soil  cover  can  be  better  appreciated,  especially 
when  consideri.ng  t.he  problem  of  pushing  a  closure  system  protecting  an 
antenna  through  such  an  earth  cover.  Also,  the  volume  of  a  crater  is  an 
important  factor  when  estimating  near-surface  late-time  ground  motions.  It 
should  also  bo  noted  that  for  hob's  greater  than  about  100  foot,  t.here  will 
be  no  craters. 

2.4  (SROUND  SHOCK. 

Cround  shock  propagation  in  a  real  geologic  situation,  i.e.  layers  of 
soil,  water  tables,  and  rock  interfaces,  is  a  very  comple.x  phenomena,  for 
design  purposes  we  have  selected  a  simple  geologic  condition,  a  dry 
homogeneous  soil.  Even  though  such  a  geometry  is  simple,  the  range  of 
loading  conditions  developed  are  realistic  when  considering  the  design  of 
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naar-aurfac*  hardanad  structuraa .  7h«r«  art  basic,  aceapcad  cata^ocias  oi 

gssund  sboclc,  nanaly;  alrblaat  induead.  diiaet  inducad,  and 
!:bac  will  sa  described  in  dbe  following  sacoions. 

2.4.1  Airblasc- Inducad  Qround  Shock. 

An  expanding  airblasc  wave  loads  the  ground  surface  imparting  an  air- 
inducaa  ground  shock.  The  character  of  the  induced  ground  shock  is  strongly 
influenced  by  the  relative  values  of  the  airblast  shock  velocity  and  the 
wave  velocity  of  the  ground  media.  The  induced  ground  shock  propagates  as 
compression  waves  (diiatational  waves),  shear  waves,  and  surface  waves. 

There  ace  three  regions  of  interest  for  the  ground  surface,  air  overpressure 
wave,  i.e.  superseismic,  transseismic,  and  subseismic. 

The  sueeraeismie  region  is  defined  as  t.hat  where  the  shock  front 
velocity  of  the  airblast  exceeds  that  of  the  diiatational  and  shear  wave 
velocities  of  t.he  ground  medium; 


y  >  Cp  > 


(2.1) 


where : 

U  •  Airblast  snock  front  velocity. 

Cp  ■  Diiatational  wave  velooity  in  ground  medium. 

■  Shear  wave  velocity  in  ground  medium. 

Since  the  airblast  velocity  in  t.he  superseismic  region  is  greater  than 
the  diiatational  or  shear  wave  velocities,  no  disturbances  are  propagated  in 
front  of  t.he  airblast  wave. 

The  transseismic  region  is  defined  when  the  airblast  shock  front 
velocity  becomes  loss  t.han  t.he  diiatational  wave  velocity  but  greater  than 
the  shear  wave  velocity: 


Cp  >  'J  >  Cy  (2.2) 

The  subseismic  region  is  defined  by  the  condition  when  the  airblast 
shock  front  velocity  is  less  than  both  the  diiatational  and  shear  wave 
velocities : 
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Cp  >  >  'j  (::.3) 

In  cJi*  so-called  outrunning  region  for  bocl'.  the  transsaismic  and 
subseismic  regions r  the  ground  diseurbenees  can  become  quite  complex  and  the 
motions  ace  pcimacily  hocixontai. 

In  an  elastic  medium,  it  has  been  shown  (Reference  19)  that  for 
materials  with  a  Roisson's  ratio  (u)  ranging  between  0.3  and  0.4,  the 
dilatational  wave  velocity  is  about  twice  that  of  the  shear  wave.  The  shear 
wave  velocities  (Reference  19)  for  low  stress  levels  (seismio  energy)  for  a 
fi.te  silty  sand  for  shallow  depths,  say,  up  to  20  feet,  are  approximately 
SOO  to  600  ft/s.  Associated  dilatational  wave  velocities  of  1,200  ft/s  are 
reasonable.  7or  our  design  case,  we  shall  assume  that: 

Cp  -  1,200  ft/s 
“  500  ft/s 

Based  on  airblast,  the  ground  ranges  of  interest  extend  from  about  600  to 
2,000  feet  from  ground  sero  (02).  By  examining  rigure  6,  it  is  obvious  that 
our  domain  of  interest  is  in  the  superseismio  region  as  the  airblast  shocit 
front  velocity  is  about  6,000  ft/s  at  a  range  of  2,000  feet,  which  is  much 

greater  than  t.he  dilatational  wave  speed  at  that  range.  Hence,  it  is 

reasonable  to  assume  that  a  one-dimensional  procedure  for  ground  shccic 
predictions  is  adequate.  The  flat  entry  angle  that  air-induced  ground  shccx 
wave  makes  with  the  ground  surface  supports  this  assumption  and  is  shown  in 

Figure  9  for  ground  ranges  of  700  and  2,000  feet  from  02. 

A  one-dimensional  approximation  of  the  air-induced  ground  shock  is 
discussed  in  the  following  sections. 

:.4.1.1  vertical  Stress.  Particle  Velocity,  and  Tisblacement .  The  stress, 
particle  velocity,  and  displacement  as  functions  of  time  and  depth  for  the 
one-dimensional  elastic  case  (r  ••  1)  are  as  follows  (Reference  8)  : 
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wh«r«: 


t  ■  Oapth. 
c  <•  Tim*. 

9,  ■  vtfftieal  serf as. 
p(tl  ■  Ovarpraaaus*  tint  histoty. 

••  Loadin?  w«v«  preparation  vaiooity. 
v,  ■  Vaetieal  paetiola  velocity 
p  ■  Maas  density  of  soil, 
d,  •  Vertical  displacement. 

Solutions  for  the  esse  of  no  strain  recovery  (r  ■  0)  have  been  deter- 
.tiined  for  nuclear  overpressure  functions  and  are  as  follows  (Referenee  8)  : 
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for 


n 


■^  <  t  <  and  p(c)  -  (1  -  -^) 

L  n 

Th*  pAriinottrs  Cg  «nd  n  should  b«  soloetsd  so  ohsc  oh*  appsoxinaoisn 
ooncains  oh*  sam*  impuls*  as  oh*  aocual  aieblaat  ev*rpe*8sur*  up  oo  oh* 
mmxisium  oim*  of  ino*s*8t.  M*asus*d  fi*ld  daoa  show  ohao  sis*  oim*  incs*as*3 
as  oh*  sos*8s  wav*  psopa^ac**  inoo  oh*  ground.  In  ocd*s  for  oh*  sos*ss  wav* 
oo  b*  moB*  BoalisoiCr  oh*  inieial  arrival  is  assunod  oo  occur  ao  a  oim*  as 
follows  (P*f*r*no*  8) ; 


wh*r*t 

0j_  ■  wav*  front  arrival. 

8  ■  D*poh. 

"  V*locioy  of  wav*  frono. 

7.h*  v*looioy  (C^)  of  oh*  wav*  front  should  b*  assunod  as  o.h*  insiou 
ssiamic  vslooioy.  Th*  p*ak  strass  is  assunsd  oo  oc.;;ur  ao  a  oim*  *qual  oo 

8/Cj^  . 

7h*  assumption  of  on***dim*nsional  wav*  propagation  in  a  homoganaous  half 
spac*  is  not  axacoly  a  osu*  raprasanoation  of  oh*  saal  world,  aspacially 
whan  assuming  alaaoic  conditions.  Howavar,  oh*  pradicoion  procadurts  ar* 
saliabla  asoimaoas  of  saspons*  for  ralaoivaly  homoganaous  sioas  and 
asoimatas  of  o.h*  incidano  wav*  propagating  inoo  oh*  uppar  layar  of  layarad 
sioas  ao  aarly  oimas  afoar  airblast  arrival. 

Shown  in  rigusas  10  through  14  ara  o.h*  normalizad,  vasoical  strass  and 
particla  valccioy  profilas  for  paak  ovarprassur*  valuaa  of  IS, 000,  13,000, 
5,000,  1,  000,  and  SCO  psi,  raspacoivaly,  for  dapohs  (rl  of  5,  13,  ar.n 
23  fsao. 

7.h*  loadi.ng  wav*  propagation  v*iocity  (Cj,)  for  a  dry  sandy-silt  soil  was 
asoLmatad  oo  vary  from  about  800  to  600  fo/s  (Rafasanca  20)  for  ground 
surfaca  ovarprassuras  ranging  from  15,000  oo  500  psi.  Tharafora,  for 
calculation  purposas,  valuas  of  of  800,  750,  700,  600,  and  600  fo/s 
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1,300,  and 


w«r*  U3«d  ac  ovtcpeasaurt  ranges  of  15,300,  10,000,  5,300, 

500  ps:.,  caspeccively .  Squaeions  2.7  and  2.3  wart  usad  to  ganaraca  valuas 
of  scrass  and  particla  velocity  for  the  case  where  no  strain  recovery 
(r  -  0)  occurs.  These  values  also  compared  favorably  to  the  results  from  a 
one-dimensional  computer  code  (Reference  20) .  The  code  was  also  used  to 
predict  values  for  the  case  of  complete  strain  recovery  (r  ■  1),  i.e. 
elastic  case.  An  estimate  of  rise  time  for  the  case  of  no  strain  recovery 
(r  •  0)  is  also  shown.  The  rise  time  for  the  elastic  case  (r  ■  11  is  zero. 
The  actual  rise  time  is  moat  lilcely  some  value  between  the  limits  described 
for  the  r  •  0  and  1  oases,  respectively. 

2.4.1.:  ?eait  Vertical  Diselaeement .  An  approximate  expression  can  be 
used  to  estimate  peak  vertical  displacement  as  follows  (Reference  3) : 


where  is  the  total  airblast  impulse.  Peak  displacements  versus  range 

are  shown  in  figure  IS. 

2. 4. 1.3  .Maximum  Vertical  Acceleration.  The  maximum  vertical  downward 
acceleration  is  related  to  the  shape  of  the  rise  to  maximum  velocity.  If  a 
li.near  rise  of  particle  velocity  is  assumed,  then  the  maximum  acceleration 
is  as  follows  (Reference  8) : 


where : 

•"  .Maxi.mum  acceleration. 

Vj^j,  ■  .Maxi.mum  particle  velocity, 
t^  <■  Rise  tLme  to  .maximum  velocity. 

At  the  ground  surface,  t.he  rise  time  (t^)  is  about  equal  to  the  rise  time  of 
the  airblast.  The  sise  time  values  of  interest  that  results  in  acceleration 
values  comparable  to  measured  field  values  is  on  the  order  of  3.001  sec. 
Using  a  value  of  t^  *  0.001  in  Equation  2.11,  an  expression  for  peak 
vertical  acceleration  at  t.he  ground  surface  is  as  follows  (Reference  3)  : 
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wh«r«  cosrcaponcLa  ::o  aur^ac*  aoii  oondiciona.  Valuaa  oi 

aaaociacad  wi;:h  ch«  ovacpraaaura  l«v«l  w«r«  dascsibcd  in  Saccion 

2. 4. 1.1.  Valuaa  of  paalc  vartioal  aurfae*  aeealara&ion  varsua  ran?*  art 
shown  in  Ti^ur*  16. 


2.4. 1.4  HQciaontil  Straaa  and  Motions.  Ona-dimanaionai  matiioda  prasant 
liccla  infoRdACion  on  horizontal  stzaaaaa  and  motiona.  Prooaduras  howavar 
hava  baan  davalopad  from  ampirical  approachaa  and  two-dimansional 
calculations,  tn  ganasal,  tha  pcooadura  asaumaa  aoma  factor  (K)  timas  tha 
vartieal  atraaa  or  motion  to  produoa  a  conaiatant  horizontal  valua. 

Horizontal  atraaa  ia  datarminad  by  multiplying  tha  vartieal  atraaa  by 


tha  coafficiant  of  aarth  praaaura  at  raat  (Kg),  saa  Tabla  1.  Tha 
salationahip  ia  aa  follows t 


®h  "  ^0  ®v  (2.13) 

In  ganaral,  Kg  ia  raally  net  a  constant,  but  variaa  with  atraas  laval, 
strain  rata  and  whathar  tha  soil  is  baing  loadad  or  unloadad.  For  highly 
saturatad  soils,  Kg  approachaa  unity.  Tha  racommandad  horizontal-to** 
vartieal  ratios  for  homoganaous  and  layarad  sitaa  ia  shown  in  Tibia  2. 

Vaing  tha  information  in  Tabla  2,  tha  ratios  of  paaK  horisontal  to  paaic 
vertical  ground  shoci«  componants  for  tha  suparsaiamic  ragion  ara  shown  in 
Tabla  3.  Tha  valuas  of  Kg  shown  in  Tabla  1  ara  basad  on  soil  straaaas  up 
to  1,000  pai.  As  wa  ara  intaraatad  in  much  highar  atrassas,  valuas  of  Kg 
for  straaaas  shown  in  Tabla  3  ara  basad  upon  Rafaranca  20  and  convarsations 
with  Or.  Bahzad  Rohani  of  tha  'J.S.  Army  Cnginaar  Waterways  Expaeimant 
Station.  To  datarmina  horizontal  wavaforms,  tha  ground  shock  componant 
values  of  tha  vartieal  waveform  ara  multiplied  by  appropriate  K  valuas. 

2.4.2  Oiract-Inducad  Ground  Shock. 

Direct  ground  shock  results  from  tha  initial  stress  wave  caused  by  the 
direct  coupling  of  energy  into  tha  ground  at  tha  detonation  point .  Tor 
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fully  eontain«d  bursts,  it  is  th«  only  form  of  ground  shock  that  axists . 

For  hi^h-altitud*  bursts  it  is  nonaxistant.  For  bursts  at  or  naar  tha 
surfaca  of  tha  ground,  direct -induced  ground  shock  is  an  important  affect  ir. 
tha  elesa-in  region.  For  tha  design  case  discussed  in  this  report,  wa  are 
particularly  interested  in  the  surface  and  near-surface  burst  conditions . 

.Most  of  the  empirical  data  however  is  for  fully  contained  bursts .  Usi.ng 
scaling  relationships,  assumptions  regarding  coupling,  material  properties, 
and  free  surfaca  effects,  near-surface  predictions  can  be  related  to  those 
for  contained  bursts.  Baaed  on  experiments  in  soil,  it  has  been  observed 
c.hat  tha  attenuation  rate  for  motion  is  greater  in  the  region  below  t.he 
charge  than  the  region  closer  to  the  ground  surface. 

For  a  contact  burst  on  dry  soil,  the  estimates  of  motion  on  t.he  axis 
directly  beneath  the  burst  are  as  follows  (Reference  8) : 
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The  peak  stress  associated  with  direct- induced  ground  shock  can  be 
estimated  as  follows: 


0  -  a  Cj,  V 


(2.1') 


where : 

a  "  ?eak  stress . 
a  *  .Mass  density. 

•  loading  wave  velocity. 

V  ■  Peak  particle  velocity. 
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can  be  estimated  from  laboratory  and  insitu  stress-strain 


The  value  C. 

data  or  talcen  as  approximately  one-half  the  seismic  velocity  in  soil  and 
soft  rocx.  Typical  measured  waveforms  have  been  used  to  estimate  waveforr.s 
associated  with  predicted  peak  radial  motion.  The  rise  time  (t.)  to  peak 
velocity  (or  stress)  can  be  assumed  as  follows  (Reference  8) : 


1  R 

rr  s" 


to 


(2.13) 


where: 

tg  ••  Rise  time. 

.R  >  Range. 

■  Seismic  velocity. 

The  positive  or  outward  phase  duration  't.^)  of  the  velocity  pulse  can  be 
estimated  as  follows  (Reference  3) : 


'd-Tc7  '»  c7 


(2.1») 


The  compressive  phase  duration  of  the  stress  pulse  may  also  be  approximated 
from  Ecptation  2.19.  The  direct -induced  estimates  described  are  confined  to 
the  axis  directly  beneath  the  burst.  The  .motions  off  t.he  vertical  axisr 
especially  near  the  ground  surfacer  are  strongly  influenced  by  surface 
effects.  The  refinement  to  include  surface  effects  are  inconsistent  with 
observed  data.  However,  even  though  conservative,  it  is  recommended  that 
the  equations  shown  be  used  for  all  other  radials  through  the  charge. 

Shown  in  Figure  17  are  estimated  plots  of  peak  horizontal  displacement, 
velocity  and  acceleration  with  range.  The  horizontal  stress  with  range  is 
shown  in  Figure  18.  It  can  be  observed  t.hat  the  horizontal  stresses  and 
motions  for  direct-i.nduced  ground  shock  in  t.he  60C-  to  2,  000-f'3ot  range  are 
relatively  small  compared  to  the  values  for  the  air-induced  ground  shock 
case . 
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2.4.3 


Crater- Induced  Ground  3hoc)c. 

rrom  studies  of  ground  motion  resulting  Jrom  high-explosive  and  nuclear 
crateri.ng  bursts,  correlations  have  been  identified  between  late-time  orate 
formations  and  late-time  near-surface  ground  .motion. 

2. 4. 3.1  Horisontal  displacement.  The  following  equations  are  good 
representations  of  peak  horiaontal  displacements  (d)j)  for  above  and  below 
surface  charges  (Reference  3)  : 

0.45 

dj^  -  - j -  (above  surface)  (2.20) 


\  •  1*  (half  buried  and  below  surface)  (2.21) 

where : 

dj^  ■  Pea)c  horizontal  displacement. 

-  Apparent  crater  volume. 

R  •  Range. 

An  expression  was  developed  to  describe  t.he  permanent  horizontal 
displacement  (djjp)  for  aboveground,  surface  tangent  spheres  t.-.at  is 
representative  for  near-surface  nuclear  bursts: 


0.2  7 


4/3 


T 


(2.22) 


It  has  been  observed  that  about  50  percent  of  t.he  peak  displacement  is 
recovered  for  a  near-surface  nuclear  burst  independent  of  ground  material. 


Li.li. j ! - _ Horizontal  Velocity.  An  expression  that  relates  peak  crater- 

induced  .norizontal  particle  velocity  (vj^)  as  a  function  of  crater  vol'ume 
wit)un  a  factor  ;^4  is  as  follows  (Reference  8)  : 


0.01 


(2.23) 
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whttr* : 


-  ?«al(  horizontal  particle  velocity. 

••  Effective  wave  velocity. 

R  ■  Ran?** 

tj_  ■  Arrival  time  of  first  signal  from  burst. 

"  Apparent  orater  volume. 

The  effective  velocity  (C,)  is  approximately  equal  to  the  seismic  velocity 
for  unlayerecL  sites.  Tor  our  case,  we  shall  assume  C,  equal  to  t.he 
seismic  velocity. 

A  relationship  that  correlates  rise  time  to  peak  horizontal  displacement 
and  crater  volume  within  a  factor  is  as  follows; 


Vertical  crater-induced  ground  motion  analyses  indicates  t.hat  vertical 
displacements,  peak  velocities,  and  rise  time  to  peak  displacement  are 
approximately  the  same  as  t.he  corresponding  horizontal  values  at  the  same 
range . 

Riots  of  peak  horizontal  displacement,  permanent  displacement,  and 
particle  velocity  for  ranges  of  interest  for  this  study  are  shown  in 
figure  19. 

2.5  3KCCK  SPECTRUM. 

The  elastic  shock  spectra  for  the  three  ground  motions,  i.e.  air,  direct 
and  crater  induced  have  been  examined.  These  spectra  define  the  bounding, 
maximum  values  of  displacement,  velocity  and  acceleration  as  a  function  of 
the  natural  frequency  of  a  single-degree-of-freedom  (SDOF)  system  subjected 
to  a  prescribed  transient  motion  at  the  attachment  point  within  a  structure. 
The  response  of  the  SCOF  system  to  support  .motions  is,  of  course,  strongly 
dependent  upon  both  the  physical  characteristics  of  the  system  and  the 
nature  of  the  support  motion.  The  input  support  motion  at  the  attachment 
point  is  assumed  to  be  the  same  as  that  defined  by  t.he  free-fiald 
expressions  for  displacement,  velocity  and  acceleration  which,  of  course, 
varies  with  distance  from  GZ . 
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Smpiriual  mtchods  hav*  bean  davalopad  whara  bba  incarnal  shock  spactr-^’r. 
o£  a  atruccura  can  ba  datarminad  by  amplifying  tha  fsaa-fiald  mocicn  valuas 
of  dioplacemanc,  velocity  and  accalaration .  to  davaiop  tha  internal  shock 
apactruRif  amplification  factors  (Rafaranca  13)  for  S  parcant  critical 
damping  of  1.4^  1.7,  and  2.1  for  diaplaeamane,  valoeity  and  accalasation, 
raspaetivaly,  wara  uaad.  Thaaa  spectra  ara  vary  usaful  as  praliminacy 
dasign  tools  and  are  oftan  applicabla  for  final  dasign  pusposas.  for  mora 
praeisa  valuas,  a  eomplax  analysis  is  raquisad,  i.a.  finita-alamant  analysis 
of  t.ha  structure  locatad  in,  say,  a  soil  island. 

2.5.1  Air-Induead  Ground  Shock. 

tha  rasponaa  spactra  assoeiatad  with  t.ha  airblast-induead  ground  shock 
ara  shown  in  riguras  20  and  21  for  vartical  and  horirontal  motions, 
raspactivaly .  Tha  maximum  fraa-fiald  motions  usad  to  construct  tha  spactr-um 
wara  datarminad  by  using  aquations  2.10,  2.11,  and  2.12.  Tha  spectrum  is 
shown  for  thraa  ovarprassura  iavals:  IS  ksi,  10  ksi,  and  500  psi, 
corresponding  to  ground  ranges  of  600,  700,  and  1,975  faat  from  Q2, 
raspactivaly.  Tha  angle  tha  airblast-induead  dilatational  wave  .makes  with 
t.ha  ground  surface  increases  with  range  from  02,  sea  Figure  9.  Hence,  tha 
horisontal  component  of  motion  with  raspaet  to  tha  vartioal  component  also 
inesaasas  with  range.  Tha  "K"  factors  shown  in  Table  3  ara  basad  on  range 
(ovarprassura  laval)  and  ware  usad  to  datarmina  tha  fraa-fiald  horizontal 
components  of  .motion  usad  in  developing  t.ha  horizontal  shock  spactra  shown 
in  Figure  21.  This  helps  to  explain  t.ha  incraasa  in  horizontal  displacamar.t 
with  range,  as  shewn  in  Figure  21. 

2.5.2  Direct- Induced  Ground  Shock. 

Tha  type  support  motion  in  the  structure  resulting  from  diract -induced 
ground  motion  is  essentially  horizontal.  Tharafora,  using  tha  expressions 
for  horizontal  di3placem.ent,  velocity  and  acceleration  given  by 
Equations  2.14,  2.15,  and  2.16,  respectively,  for  di :ract -induced  shock,  t.ha 
maxi.mum  values  ware  calculated  and  tha  spectral  amplification  factor 
applied.  Tha  response  spectra  is  shown  in  Figuca  22  for  overpressures  of 
IS  ksi,  13  ksi,  and  SOO  pai,  raspactivaly.  Soea  that  tha  horizontal  spactra 
for  tha  airblast-induead  ground  motion  (Figure  21)  is  greater  than  t.he  valua 

for  direct-induced  motion  (Figure  22) . 
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2,5.3  Cratar-I.nduod  Ground  Shoc)t. 

Th«  fr»«-fi«ld  motions  asaociatad  with  lata-tima,  oratar-induced  ground 
ahoclc  ara  calcuiacad  using  Squaciona  2.20  and  2.23  and  aza  shown  in  7abia  4 
Sor  Siva  ovarprassusa  valuas .  Csatar-inducad  .motions  psoduca  lasga 
horizontal  displacamants;  howavar,  littla  aecalasation  is  associatad  with 
such  motions.  Undar  thasa  conditions,  tha  fraquanoy  eontant  of  tha  motion 
is  vary  low  and  in  all  probability  lass  than  that  of  any  of  tha  intarnal 
componants  of  a  structura.  7ha  isolation  of  tha  intarnal  componants  would 
tharafora  ba  aasily  achiavad  sinca  massas  on  ralati.valy  stiff  springs 
undargoing  small  aeealarations  would  ganarata  vary  littla  displacamant  os 
forca  in  tha  spsi.tg,  i.a.  tha  componants  would  simply  "rida  along"  with  t.ha 
ground  motion.  Bacausa  of  tha  insignificant  aeealaration  valuas,  sasponsa 
spaetra  for  esatar-inducad  motions  for  our  oaaas  of  intacast  ara  assantially 
acadamic . 

2.3.<t  Cquipmant  fragility  laval. 

Tha  fragility  lavals  (Kafarancaa  6  and  3)  of  eartain  itams  of  aquipmant 
associatad  with  communication  syatams  ara  shown  in  Figusa  23  for  both 
vartical  and  horizontal  motions,  as  can  ba  ebsasvad  for  tha  class  of 
componants  shown  (pipas,  radio  racalvars,  alaotrioal  panal  boards, 
battarias,  air-conditioning  units,  and  monitoring  and  control  davieas)  and 
for  fraquancias  gsaatar  than  3  Hz,  tha  "sura  safa"  aeealaration  lavals  ranga 
from  about  "!  to  20  g's. 

:t  is  quita  obvious  by  studying  tha  vartical  and  horizontal  sasponsa  of 
shock  spaetra  shown  in  Figuras  20  and  21,  that  tha  aquxpmant  dascribad  i.n 
Figura  23  would  raquira  shock  isolation  in  ordar  to  surviva.  For  axampla, 
ass'oma  wa  ara  intarastad  in  a  radio  racaivar  that  has  a  natural  fraquancy  of 
SO  Hz.  From  Figusa  23,  it  is  obsarvad  that  tha  "sura  safa"  aeealaration 
laval  at  50  Hz  is  about  14  g's.  If  this  aquipmant  was  in  a  structura 
Located  at  tha  SOO-psi  ground  surface  ovasprassura  ranga,  tha  maxi.mum 
aeealaration  would  ba  about  700  g's  (wall  in  excess  of  tha  "sura  safa"  value 
of  14  g's  for  tha  aquipmant)  and  tha  peak  displacamant  about  0.3  foot. 
Because  of  tha  ralativaly  small  displacamant  (appseximataly  4  inohas),  tha 
dasigr  of  t.ha  required  shock  isolation  systam  is  ralativaly  uncomplicated. 
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:£  •quipmcne  vas  loeaead  in  a  atruetura  ac  sha  5,000-pai  ^rsund  surface 
cverpsaaaure  level,  the  spectral  displaceinant  would  he  about  3  feet.  The 
shocic  isolation  syecem  would  now  have  to  consider  notions  up  to  3S  inches 
which  presents  more  complications  than  the  case  when  the  equipment  was  in 
the  structure  at  the  SOO-psi  ranqe.  for  large  motions  it  will  probably  be 
desirable  to  consider  a  shoo)«  isolated  platform  on  which  equipment  is 
placed. 
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Tabla  1.  Ratio  of  horizontal  to  vartical  aoil 
praaauraa  (Rafaranca  1)  . 

Kq/  for  St 

rassas  Up  to  1 
(630 

,300  psi 

Dvnamio 

_ Siltic _ 

Soil  Saacription 

wndrainad 

Undrainad 

Orainad 

Cohaaionlasa  30ila>  damp  or  dry 

1/4 

1/3  dansa 
1/2  loosa 

1/3  dansa 
1/2  loosa 

'jnsataratad  cohaaiva  foils  of  vary 
stiff  to  hard  oonaiatanoy” 

1/3 

1/2 

4  /*» 
mi  it 

Vnsaturated  cohasiva  soils  of 
madium  to  stiff  eonsistancy* 

1/2 

1/2 

1/2 

Unsatusatad  cohaaiva  soils  of  soft 
oonaiatanoy* 

3/4 

1/2  to  3/4 

1/2  to  3/4 

Saturatad  soils  of  vary  soft  to 
hard  oonsistanoy*  and  eohaaion* 
lasa  soils 

* 

1 

:/2  stiff 
3/4  soft 

Saturatad  soils  of  hard 
oonsistanoy* 

3/4  to  1 

1 

* 

\ll 

Saturatad  soils  of  vary  hard 
oonsistanoy* 

3/4 

4 

• 

•  /  Si 

Rook 

Obtain 

from  taats  on 

rock  suras 

•nd  eocrtlac*  wicii  saiarcas  d«c* 


'Canaiacaney  Oafinitiona: 


Conaistanov 

Unoonfinad  Compraasion. 
Stranth  -  -  tsf  (N/cm*) 

aii'S" 

Vary  soft 

<  0.23 

{<  2.4) 

<  2 

«  O.S) 

Soft 

0.25-0.30 

(2. 4-4. 8) 

2-4 

(0 . 6-1.2) 

Madi'om 

0.30-1.00 

(4.8-9. 6) 

4-8 

(1.2-2. 4) 

Stiff 

1.00-2.00 

(9.6-19.1) 

8-15 

(2. 4-4. 6) 

Vary  stiff 

2.00-4.00 

(19.1-38.3) 

15-30 

(4. 6-9.1) 

Hard 

4.00-20.00 

(38.3-191) 

>  30 

(>  9.1) 

Vary  hard 

>  20 

(>  191) 
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Tabl*  2.  Raconunandad  racios  of  paak  horizoncal  co  paak  var:ical 


ground  shock  componancs 
(Rafarence  1). 

in  cha  super salsaic  region 

Homoganaoua 

Sicaa 

Layered  Sicaa 

Wave  Front  Lace  Tiaa 

Serass 

R 

0 

1 

1 

o 

Accalaracion 

/ 

:an(arcain  -rrl 

A 

1 

tan  |arciin 

Valocif/ 

( 

san  arc  sin  -jj- 

\  ^ 

) 

can  ^rciin  2/3 

^isplacamanc 

/ 

can^arcsln 

I'e 

..  1 

i'i  c 

If  can(arc9in  -r)  >  I,  lac  paak  horizoncai  coaponant  aqual  :ba  paak 
varcical  camponSnc. 
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T*bl«  3.  RacIos  ii  p«ak  horizontal  :o  paa'rt  vtrtical  ground 
shock  componencsi  supersaisaic  region  for  a  dry, 
silty  sand. 


Ground 

Shock 

Overpressure 

Level,  psi 

Component 

13,000 

10,000 

3,000 

1,000 

300 

Stress 

0.^2 

0.43 

0.47 

0.5 

1.3 

Acceleration 

.044 

.048 

.067 

.130 

1  > 

O 

Velocity 

.029 

.030 

.039 

.074 

.100 

Diaplacemant 

.029 

.030 

.039 

.074 

.100 
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abl*  4.  ?«ak  horizoncal  displacamenc  and  valocib/ 
ioc  cracar-inducad  ground  ifiocic 


Paak 

?aaA 

Ovarpcassura 

Horizontal 

Horizonta 

Laval 

Oiaplacamant 

Valoeity 

^•0 

Vh 

pat 

ft 

£t/sae 

1S,0C0 

4.S 

1.6 

10,300 

2.9 

1.2 

5,000 

1.4 

0.7 

1,000 

.3 

0.2 

SOO 

a 

•  a» 

0.1 
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Figure  23.  “Sure  :>aie“  vertical  aud  lioi  Izoutal  siltuck  spectra  lur 
iiiterual  cuM|MMients,  3  percent  tlanpiug  (Reference  7). 


jECTION  3 

TYPICAL  ILEMENTS  FCR  HARDENED  ANTENNA  STRUCTURES 

Tht  !i*rd«n«d  tnttnnA  strueturaa  will  b«  buriad  flush  with  bhs  ground 
susfAcs  CO  cahs  advantage  of  th«  favorable  loading  oondition  produced  by  the 
inceraocion  of  the  seructure  with  the  surrounding  soil  and  the  elimination 
of  significant  airblast  reflections  as  no  structural  obtrusions  will  exist 
above  the  ground  surface. 

In  addition  to  placing  structures  to  achieve  favorable  loading 
conditions*  efficient  structural  geometries  and  materials  will  also  be 
selected,  riuah-buried*  silo-type  structures  are  ideally  suited  to 
effectively  resist  combinations  of  vertical  and  hosisontal  loading 
conditions. 

In  this  section,  we  shall  describe  ways  of  petfotming  initial  designs  or 
siring  for  a  hardened  structure  to  house  antennae  looated  at  ground  surface 
overpressure  levels  ranging  from  about  IS,  000  to  SOO  psi  generated  by  a  l-.^T 
burst.  The  elements  of  interest  are  the  closure,  the  silo  and  the  base  slab 
to  support  the  silo  as  well  as  concepts  for  lifting  the  olosure  and 
antennae. 

3.1  SLAB-TYPE  CLOSURES. 

A  significant  number  of  tests  on  closures  have  been  conducted  and 
empirical  equations  have  been  formulated  to  describe  t.he  response  of  a 
variety  of  closure  types  (References  1,  4,  7,  rnd  11) .  An  empirical  shear 
model  for  the  static  resistance  of  e  steel/concrete  composite  closure  is 
presented  in  Reference  2.  For  out  purposes,  the  closure  can  be  considered 
to  be  circular  or  square  and  span  a  circular  opening.  The  general 
configuration  of  a  composite  closure  is  shown  in  Figure  24. 

3.1.1  Static  Resistance. 

The  static  resistance  (Pj)  of  tub-type  olesures  using  two  different 
equations  is  presented.  The  total  equivalent  thicltness  (D,)  of  the 
composite  closure  shown  in  Figure  24  was  determined  by  tr.ansformi.ng  the 
thiclc.neas  of  the  bottom  steel  plate  to  an  equivalent  thicicness  of  concrete 
(Reference  2)  : 
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D  0  - 


i3.:) 


wh«rt : 

Sg  "  Modulus  of  •l«aticicy  of  jc««l. 

Eg  ■  Modulus  of  slasticicy  of  ooneests. 

■  Thicknsss  of  bottom  stssl  plu's. 

7hs  modulus  of  slaatieity  of  oonersta  (Eg)  can  bs  rsaaonably  astimatad 
(Rafaranca  8)  from  cba  following  axpraaaion: 

E  -  33  w’**®  Jf'  ,  psi  (3.2) 

0  1  U 


whara ; 

w  ■  Waight  of  coneraca,  Ib/ft^  . 

fg  Compraaaiva  scrangth  of  concrata#  psi. 

Tba  statio  xaaiatanca  (9,)  san  ba  datacminad  ampisically  for  apan-to- 
dapth  (S/Dl  ratios  from  3.S  to  T,  and  staal  plata  thicknassas  graatar  t.^an 
1  parsant  of  t)ta  span  using  tha  following  axprassien  (Rafaranea  2)  : 


9 

S 


(3.3) 


whara: 

“o 

K 


Comprasfliva  stranght  of  contrata. 


(27  -  S|)  psi*''^ 


7ha  1  parcant  caquiramant  for  cba  staal  plata  is  sufficiant  to  provida 
ada<;[uata  confinamant  and  subsaquann  inoraasa  rasistanca  to  shaar.  Tot 
valuas  lass  t.han  1  parsant,  t.ha  shaar  rasistanca  is  raducad  appraeiably  and, 
hanca,  so  is  t.na  static  rasistanca  of  tha  slab.  :fi  t.ha  confining  staal  is 
incraasad  to  2  parsant,  t.hara  is  about  a  20  parcant  incraasa  in  rasistanca. 

Using  Eq;uation  3.3,  curvas  prasantad  in  Figura  2S  hava  baan  praparad 
showing  tha  static  rasistanca  of  olosuras  having  tha  configuration  shown  in 
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rigurt  24.  ZH9  curves  were  prepared  for  threa  concrece  strengt.^s  and  nave 
been  extended  to  a  S/D  ratio  of  2  which  somewhat  exceeds  t.he  lower  limit  of 
3.3  for  the  test  data  upon  which  Equation  3.3  was  based. 

A  study  (Reference  16)  examined  a  set  of  closures  under  static  loading 
conditions.  A  regression  analysis  of  the  test  data  was  performed  and  the 
following  empirical  formula  was  developed  for  the  static  resistance  (P,J  in 
'xips/in^ : 


P 


a 


0.4  +  4.9 


+  2.3 


+  0.23  f' 
0 


(3.4) 


where ; 

fy  ■  Yield  strength  of  steel,  Icsi. 
t,  •  ThiOcness  of  side  plate,  inches. 

The  equation  is  applicable  for  the  following  limits: 

1.3S  1  I  <  3.S 
®  * 

0.001  <  and  ~  <  0.03 
36  ksi  1  fy  i  "0  i«8i 
3  Xsi  <  f'  <  12  ksi 

T.he  closure  geometry  shown  in  figure  24  is  also  applicable  for 
Equation  3.4.  It  should  also  be  noted  that  Equation  3.4  is  applicable  for 
deeper  slabs  than  described  by  Equation  3.3. 

Shown  in  figure  26  is  the  static  resistance  for  tub  closures  based  on 
Equation  3.4,  8y  using  a  high  percentage  of  steel  plate  and  concrete  having 
a  compressive  strength  of  at  least  10,000  psi,  it  is  possible  to  achieve  a 
static  resistance  up  to  13,000  psi.  This  probably  represents  the  upper 
level  of  resistance  for  tub-type  closures.  To  resist  higher  pressures  it  is 
more  efficient  to  use  other  configurations  such  as  closures  with  integral 
grids  or  other  geometries  to  achieve  an  increase  in  strength. 
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3.1.:  .^a^urtl  Period. 

The  natural  parioda  for  any  of  tha  olosuras  of  intarast,  aspacially  t.^e 
tiiicKar  onas>  will  ba  caltcivaly  small  in  comparison  to  tda  duration  of  t.na 
airblaat  load  associatad  with  a  1-Mf  datonation.  Wa  shall  asauma  that  a 
squara  slab  ovar  a  eireular  opaning  will  bahava  vary  eloaa  to  that  of  a 
ciroular  slab  ovar  a  siroular  opaning.  Exprassiona  hava  baan  davalopad 
(Aafaranoa  13)  for  tha  natural  pariod  (T^^)  of  olampad  and  simply  supportad 
circular  plataa  aa  follows; 


whara ; 

E  ••  Modulus  of  alastioity,  Ib/in^. 

3  "  Thia)<naas  of  slab)  inchaa. 
a  ■  Maaa  dansity,  Ib-a^/in^. 

S  ■  niamatar  of  ciroular  plata>  inchaa. 

-  11.34^  first  moda,  adgaa  clampad. 

B,  ■  S.9i  first  moda,  simpla  supports  at  adga. 

V  ■  Poisson's  ratio. 

Assuming  a  compraasiva  strangth  (fg)  of  eoncrata  of  13,000  pai,  t.ha  natural 
pariods  (T}|)  for  diffarant  slab  thioicnassas  and  spans  ara  shown  in 
Piguras  27  tnd  23  for  tha  casas  whara  t.ha  adgas  ara  clampad  (Bg)  and  simply 
supportad  (B,) ,  raspactivaly .  for  eoncrata,  assuma  Poisson's  ratio 
to  ba  1/9  lAafaranca  2li , 

3.1.3  Suctility  Factors. 

T.ha  ductility  of  stiff  closuras  is  Ltportant  whan  censidari.ng  tha  anargy 
absorbing  capacity  of  such  systams.  For  daap  rainforcad  eoncrata  slabs 
wit.hout  bottom  and  sida  platos  having  span-to-thicitnass  (3/t)  ratios  of 
1.39,  2.S,  and  3.5,  t.ha  ductility  factor  variad  from  approximataly  2  to  3 
(Rafaranca  1) .  Tha  slabs  raapondad  in  shaar  with  tha  cantar  portion  of  tha 
slabs  baing  crushad,  i.a.  littla  ductility. 
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Tos  compoaitA  slabs-  i.a.  rainforsad  soneraea  slabs  having  steal  plata 
bottoms  and  sides >  the  easponsa  under  load  is  a  combination  oi  shear  and 
mamorana  actton.  :n  a  test  program  (Ra^aranca  11),  composite,  ractangular 
closures  over  rectangular  openings  having  clear  S/0  ratios  of  about  Z  ware 
evaluated,  from  these  tests  it  appears  that  t.he  ductility  Saeter  varied 
from  about  9  to  10  or  perhaps  even  greater  than  10. 

?or  design  purposes  for  the  t<ab-type  closures  considered  in  this  study, 
we  shall  use  ductility  factors  of  2  and  S  that  should  represent  a 
conservative  range  of  values. 

3.1.4  Cffeot  of  Strain  Rate. 

Ohe  strength  characteristics  of  steel  and  concrete  are  dependent  upon 
strain  sate  and  states  of  stress,  i.e.  uniaxial,  biaxial  and  triaxial,  :n 
this  section,  we  shall  consider  only  t.he  influence  of  strain  rate.  If  we 
assume  strain  rate  is  a  function  of  the  natural  period,  say,  t.he  peak  strain 
(0.002)  is  reached  in  a  time  ec[ual  to  T(|/4,  t.hen  a  conservative  strain  rate 
can  be  estimated  (Reference  10) . 

It  is  also  assumed  the  period  of  the  structure  will  be  a  value  between 
that  for  the  clamped  and  simply  supported  cases.  Strain  rate  values  have 
been  estimated  for  S/0  ratios  of  2,  3,  4,  6,  and  8  for  three  span  lengt.hs, 
as  shown  in  Table  S.  Also  shown  are  t.he  ratios  relating  dynamic  to  static 
strength  for  concrete  and  steel  based  on  Reference  13.  Tor  all  strain  rata 
values  greater  t.han  13  in/in/s,  an  increase  factor  (IF)  of  2  was  assumed  as 
an  upper  ILmit . 

3.1.5  Oynamic  Analysis. 

A  dynamic  analysis  using  an  exponentially  decaying  airblast  curve 
(Reference  14)  was  conducted  for  a  SDOF  representation  of  the  closures.  The 
static  resistance  (P^)  shown  in  Figure  2S  and  t.he  average  natural  period 
(Tj,)  and  dynamic  strength  IF' s  shown  in  Table  5  were  used  as  inputs  in  the 
dynamic  analysis.  However  for  the  static  resistance  (Pj)  for  t.he  3/0  ratio 
of  2,  it  was  assumed  that  t.he  bottom  plate  thic)«nes8-co-spar.  (tg/S)  ratio  us 
approximately  0.319  to  correspond  .more  closely  to  Iquation  3.4  (see 
Figure  29) .  The  static  resistance  is  greater  for  higher  strain  rates 
because  of  the  increase  in  material  strength.  As  t.he  static  resistance  is 
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directly  proportional  to  concrete  strength,  the  static  resistance  IP^)  can 
be  multiplied  by  the  strain  race  IT  to  deterr.una  a  revised  static 
resistance.  Shown  in  figure  •>  are  the  peak  ground  surface  air  overpreusures 
for  a  0-  and  500-foot  HOB.  Note  that  the  15,000-psi  ground  surface 
overpressure  occurs  at  ground  ranges  of  500  and  700  feet,  respectively,  for 
the  0-  and  500-foot  KOB's.  The  positive  phase  durations  are  shewn  in 
figure  5;  note  that  the  durations  for  t.he  "0"  HOB  are  about  twice  that  for 
t.he  SOO-foot  HOB. 

for  design  purposes  the  "0"  HOB  was  selected.  This  means  if  a  structure 
was  designed  to  resist  15,000  psi  corresponding  to  a  range  of  600  feet  for  a 
surface  burst,  it  would  need  to  be  at  a  range  of  700  feet,  which  is  the 
15,000-psi  level  iur  a  50G-foot.  HOB.  The  large  differences  in  duration  for 
the  two  burst  conditions  affect  the  response  very  little  as  the  durations 
for  ait.ner  case  are  large  with  respect  to  the  natural  period  of  t.ha  closure. 
Using  ductility  factors  (ii)  of  2  and  S,  the  results  of  the  dynamic  analysis 
are  shown  in  Table  6.  The  results  also  compare  favorably  with  those 
when  using  response  charts  shown  in  Reference  12  based  on  a  Brode-Speieher 
airblast  input  loading.  The  results  sre  also  shown  in  Figures  29  and  30 
that  relate  3/0  ratios  versus  sllowsble  pesH  oveipressurs  for  a  1-MT  weapon, 
HOB  ■  3,  for  ductility  factors  of  2  and  5,  respectively. 

3.1.0  Beari.ng  Capacity . 

A  dynamc  analysis  of  the  composite  slsb  closure  wss  performed  to 
determine  t.he  dynsmic  reaction  or  shear  load  delivered  to  the  bearing  area 
at  the  upper  end  of  the  silo.  It  is  this  shear  loud  that  must  be  carried  by 
t.he  bearing  ring  and  dictates  the  needed  bearing  area  for  the  closure.  The 
analysis  was  .made  for  a  square  place  either  fixed  or  simply  supported  over  a 
cir'-ular  openi.ng  equal  to  the  inside  diameter  of  t.he  silo.  The  general 
expression  (Reference  5)  for  the  dynamic  reaction  (V)  for  a  square  plate  is 
as  follows: 


V  -  0.09  r  +  0.16  R 


(3.6) 
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wh«r* : 


r  -  Total  dynamic  force,  pounds. 

R  «  Total  resistance,  pounds. 

T.'ie  total  dynamic  force  and  resistance  can  be  determined  for  t.^e  slab 
closures  described  in  Table  6.  Since  the  time-to-maximum  response  of  the 
closure  is  very  short  with  respect  to  the  duration,  the  peak  overpressure 
(P,g)  will  be  used  in  the  calculation  of  the  dynamic  reaction  (V) . 

Squation  3.6  can  be  more  conveniently  expressed  as: 

V  -  (0.09  +  0.16  P,) (2  (3.7) 

Equation  3.7  was  developed  for  a  square  slab  and  will  be  somewhat 
conservative  for  a  circular  slab  but  adequate  for  desiqn  purposes.  The 
beari.nq  stress  for  a  circular  slab  can  thus  be  expressed  as: 


(0.09  f  0.16  9.^)  (2  R^)^ 

SO  so 


a»  «• 

4j 


(3.3) 


The  allowable  bearing  capacity  (P^^)  of  the  stael/cencreta  composite 
closure  is  dependent  on  the  concrete  bearing  strength,  shear  resistance  on 
the  bottom  plate,  and  the  friction  force  between  the  uncrtcKed  concrete  and 
t.he  side  steel  plate.  The  expression  (Reference  2)  for  the  allowable 
beari.ng  capacity  is  as  follows: 


K 

s 

2  2 

R  -  R^ 

r* 

A 

R 

A 

B  ^ 

V 

0 

*  i 


T  1= 


(3.3) 
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wh«re : 


ig  -  Cofflpr933ivs  3Crangth  of  concrete,  psi. 

V  m  *  /*• 

R  -  -y/-C‘ 

•  Radius  of  opening,  inches;  S  >2  Rj_. 

Rg  -  Radius  of  closure,  inches, 
t,  ■  Steel  thickness,  inches. 

D  -  Closure  thickness,  inches. 

■  tan^  (45  +  p/2) . 

R  -  Rg  -  tj. 

P  ■  Angle  of  internal  friction. 

a,  ••  Coefficient  of  friction,  steel  on  concrete. 

In  Squation  3.9,  the  angle  of  internal  friction  for  concrete  (p)  was 

selected  as  45  degrees  and  the  coefficient  of  friction  (a,)  was  taken  to  be 

0.9.  These  reasonable  values  are  given  as  recomnendations  (Reference  Z)  £os 

use  if  exact  values  are  not  available. 

aoth  Equations  3.3  and  3.9  are  dependent  on  t.he  value  of  R^  which  also 
establishes  t.he  bearing  width.  Therefore,  an  iteration  was  perfomad  by 
varying  the  value  of  R^  until  the  values  of  and  were  equal.  :n 

determining  P^  ,  the  resistance  and  overpressure  shown  in  Table  i  for  the 
ii  ■  2  case  were  used.  In  t.he  determination  of  P^^  .  a  steel  t,/S  ratio  of 
0.01  was  assumed  as  well  as  dynamic  strength  values  of  concrete  and  steel. 

It  should  be  noted  that  for  tg/S  ratios  greater  than  0.01.  the  required 
beari.ng  width  would  be  less  for  a  given  S/0  ratio.  Chown  in  ficrure  31  is 
the  required  bearing  width  ratio  as  a  function  of  S/D  ratio  for  concrete 
strengths  of  5,000  and  10,000  psi,  and  for  a  tg/S  ratio  of  0.01.  The 
analysis  shows  t.hat  as  the  S/D  ratio  decreases,  the  required  bearing  width 
i.ncreases  rapidly  with  a  bearing  width  of  17  percent  of  t.he  span  necessary 
for  an  3/D  ratio  of  2.  For  3/D  ratios  greater  than  4,  it  is  shown  that 
beari.ng  widths  less  chan  5  percunt  of  the  span  are  acceptable.  However, 
based  upon  experimental  data  (Reference  9)  and  practical  purposes,  it  is 
ceccmmended  t.hat  t.he  bearing  width  be  no  less  than  5  percent  of  t.he 
span  (S)  . 


72 


3.:  DCME-TYPE  CLOSURES. 

Oomea  offar  c.'ia  pcomiae  of  baing  an  affactiva  oloaura  for  ailo-o/pe 
atructuraa  houaing  diahad  and  talaacoping  whip-eypa  ancannaa.  .Machanioally, 
t.^a  doma  can  ba  dasignad  in  quartar  sactiona  t.^ac  span  lika  tba  pacala  of  a 
flowar.  Thara  ara  poaaibiliciaa  that  tha  doma  could  ba  daaignad  to  shad 
soma  of  tha  load  dalivarad  to  tha  silo  supporting  tha  doma.  Tha 
ovarprassura  angulfing  tha  top  or  axposad  part  of  tha  doma  is  transmittad  at 
tha  wava  spaad  of  tha  doma  matarial  to  tha  raaction  ragion  at  tha  top  of  tha 
silo .  Tha  air*inducad  ground  shook  than  angulf s  tha  doma  at  a  rata  dictatad 
by  tha  wave  spaad  in  soil.  Hanoar  tha  soil-induced  part  of  tha  load  arrives 
at  tha  reaction  ragion  at  a  later  time  at  which  tha  peak  raaction  load  from 
tha  direct-induced  airblast  .has  had  a  chance  to  decay. 

For  design  purposes,  it  was  assumed  that  tha  doma  was  made  of  reinforced 
conerata  and  responded  in  a  uniform  compression  mods,  tnitially,  tha  doma 
will  probably  axparianca  soma  banding  but  on  complata  load  angulfmant  will 
seek  a  uniform  compression  .mode  of  response.  The  load  angulfmant  of  t.ha 
doma  closure  supported  by  a  silo  and  tha  idealised  loading  conditions 
assutr.ad  for  design  ara  shown  in  Figure  32, 

3.2.1  Static  Resistance. 

Tha  static  resistance  (Rafaranca  3)  of  a  rainf oread  concrete  doma  in 
uniform  compeassion  can  ba  expressed  as: 

Pg  -  (1.7  f^  -  2  p^  fyjCD/S  (3.10) 

whara: 

■  Compression  mode  resistance,  psi. 

0  ■  Thickness  of  doma,  inches. 

S  ■  Inside  diameter  of  dome,  inches. 

-  Total  steal  ratio  based  on  gross  cross  sectional  araa. 

fg  ■  Cemprassiva  strangth  of  concrete,  psi. 
fy  •  )fiald  strangth  of  steal,  psi. 
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Th«  Stacie  resistance  (?g)  for  various  S/D  values,  for  concrete 

strengths  (fl}  of  3,300  and  10,000  psi,  steel  yield  strength  of  60,000  psi, 
and  a  total  steel  ratio  (p^)  of  1  percent  axe  shown  in  Figure  33. 

3.2.2  Matucal  Period. 

The  natural  period  of  vibration  (Reference  3)  of  a  dome  for  the  uniform 
compression  mode  can  be  expressed  as  follows: 


T  *2* 


P  (1  -  V)  f 


TT 


(3.11) 


where : 

p  -  Mass  per  unit  vol'une  of  dome. 

V  ■  Poisson's  ratio. 

The  natural  periods  for  domes  having  concrete  strengths  (f^)  of  S,000 
and  10,000  psi  are  shown  in  Table  7. 

3.2.3  Sffect  of  Strain  Rata. 

The  strain  cate  effects  for  the  dome-type  closure  are  computed  in  a 
similar  manner  as  was  done  for  the  slabs.  Tf  t.he  peak  strain  (0.002)  is 
reached  in  a  time  equal  to  Tj|/4,  t.hen  a  conservative  strain  rate  may  be 
esti.mated.  Strain  rate  values  have  been  calculated  for  the  throe  dome 
diameters,  each  for  two  concrete  strengths.  Also  deteROlned  ace  the  ratios 
relating  dynamic  to  static  strength  for  concrete  based  on  Reference  10. 
Again,  for  all  strain  rate  values  greater  than  10  in/in/s,  an  XF  of  2  was 
assumad  as  an  upper  l.imit.  The  strain  rates  of  interest  and  dynamio 
incraasa  factors  art  also  shown  in  Table  7. 

3.2.4  Oynamic  Analysis. 

A  dynamic  analysis  of  the  dome  closure  was  next  performed  where  the  dome 
was  treated  as  a  SOOF  system.  The  previous  calculations,  including  static 
rasiatanca  (Pg) ,  the  natural  period  'T)|)  and  the  strength  IF  ware  uaed  as 
inputs  in  the  analysis.  A  ductility  fsotor  (a)  of  2  was  assumed.  The 
results  are  shown  in  Table  8. 
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Th«  results  have  also  been  plotted  in  figure  34  that  shows  the  peax 
overpressure  capacity  oi  the  dome  closure  for  various  S/0  ratios.  It  is 
probable  that  some  type  of  steel  domed  closure  would  be  more  satisfactory 
than  a  reinforced  concrete  one.  Zf  a  reinforced  concrete  dome  is 
considered*  it  is  recommended  that  the  inside  surface  be  formed  with  steel 
places,  for  calculation  purposes  to  determine  the  static  resistance*  t.he 
thickness  of  t.he  plate  should  be  considered  as  an  equivalent  thickness  of 
concrete.  The  inside  plate  will  not  only  serve  as  a  form  when  placi.ng 
concrete*  but  also  .for  attaching  studs  to  help  induce  confinement,  k  steel 
framework  would  also  be  essential  for  a  dema  that  is  fabricated  in*  say* 
four  equal  quadrants  so  that  it  can  open  like  the  petals  of  a  flower. 

3.3  s:lcs. 

The  loading  of  a  buried  silo  is  complex.  The  airblast  load  collectod  by 
t.he  closure  is  dumped  to  t.he  silo  walls  (assumed  to  be  concrete)  in  a  short 
period  of  time  and  t.he  stress  wave  travels  at  roughly  the  speed  of  sound  in 
concrete.  The  lead  being  transmitted  through  the  soil  surrounding  the  silo 
travels  at  a  speed  approximately  I/IO  to  1/15  of  that  travelling  through  the 
structure.  At  cross  sections  below  the  olosure  level*  the  time*te>.'naximum 
response  of  t.he  silo  in  vertical  compression  occurs  before  the  horisontal* 
hoop-type  compression  load  arrives  through  t.he  soil.  During  this  early 
time*  the  skin  friction  developed  at  t.he  silo-soil  interface  will  tend  to 
resist  t.he  downward  movement  of  t.he  silo.  After  the  soil  stress  wave 
arrives,  this  procedure  can  reverse,  i.e.  t.he  skin  friction  force  caused  by 
t.he  .<ioil  stress  wave  causes  a  downward  movement  of  t.he  silo.  Hence, 
initially  the  silo  responds  in  a  vertical  compression  mode.  At  a  later  time 
it  responds  to  a  combination  of  vertical  and  hoop  compression  (horizontal) 
.modes  causing  a  significant  triaxial  state  of  stress.  Under  such  states  of 
stress,  it  is  possible  for  the  silo  system  to  accept  much  greater  loads  than 
possible  for  uniaxial  or  biaxial  states  of  stress. 

It  was  estimated  (Reference  22)  that  maximum  vertical  strai.i  occurs  at  a 
level  approxi.mately  equal  to  40  percent  the  length  of  the  silo  for  the  silos 
investigated  and  for  the  overpressures  considered.  Based  on  this 
observation,  a  section  5  feet  from  the  top  of  the  silo  was  selected  for 
design  purposes . 
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3.3.1 


Stacie  R«si3tanctt. 


The  static  resistance  of  a  silo  will  first  be  calculated  for  axial 
compression  and  then  for  hoop  compression.  It  is  anticipated  that  for  most 
cases  if  the  silo  can  withstand  the  axial  forces  it  will  probably  also 
resist  the  hoop  compressive  forces. 

3. 3. 1.1  Axial  (Vertical)  Comeression.  Since  the  overpressure  region  of 
interest  is  superseismic,  it  is  reasonable  to  assume  a  static  overpressure 
(?.)  that  interacts  vertically  with  the  silo.  Based  on  this  assumption,  the 
expression  for  t.he  static  resistance  (B,)  for  an  unlined  silo  is  as  follows; 


where: 

fg  ■  Compressive  strength  of  concrete.  ‘ 

3  ■  Inside  diameter  of  silo, 
t  "  Thiehness  of  silo  wall. 

The  static  resistance  (?,)  has  been  determined  for  various  3/t  ratios 
and  concrete  strengths  (f^  of  S,000  and  10,000  psi,  see  Figure  35. 

The  resistance  of  the  silo  can  be  enhanced  by  including  an  internal 
steel  liner.  This  li.nec  also  helps  to  restrain  or  confine  t.he  silo  which  in 
turn  also  increases  the  resistance.  The  axial  static  resistance  (?,)  for  a 
silo  i.ncluding  an  internal  steel  liner  is  expressed  as  follows: 

*  ‘i  III  111  I 

, - ll— - L  ,3.13, 

•  t  m  \ 


where  a  is  t.he  thicicnesn  of  the  steel  liner. 
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'Jain?  shia  aeiuation,  sha  atacis  raaiatanca  liaa  b««n  dacamir.ad  and  shown 
in  Figura  36  for  varioua  S/c  racioa,  £oe  ooncraca  aerangcha  oi  3,0C0  and 
13,000  pai,  and  linar-co-wall  ihicknasa  tacioa  of  1/32  and  1/6-1  aa  shown  in 
Figura  36.  Also,  tha  yiaid  atran^eh  (£yj  of  scaal  was  aaaumad  to  ba 
60,000  pai. 

Tha  caalatinea  of  %ha  silo  can  ba  anhanead  avan  mosa  by  including  both 
i.nnar  and  oucar  staal  linara.  7ha  axial  acatic  rasiacanea  (P,)  for  a  silb 
having  both  intarnal  and  axtaenal  ataal  linara  is  as  follows: 


Shown  in  Figura  37  ia  cha  static  tasiatanca  of  silos  with  intarnal  and 
axtasnal  linara.  It  can  ba  obaarvad  by  comparing  Figuras  3S,  36,  and  37 
that  staal  linara  anhanca  appraciably  tha  static  axial  load-carrying 
capacity  of  ailos. 

3 ..3. 1.2  Hood  iHoriacntal)  Comeraasion.  It  will  ba  aaaumad  baaad  cn 
axparimantal  obaarvations  that  t.ha  silo  bahavas  in  a  hoop  eomprasaion  moda. 
Tha  static  rasiatanca  (P^)  of  an  unlinad  ailo  for  a  uniformally  appliad 
inward  loadi.ng  is  aa  follows: 


P 

c 


(3 . IS) 


whara  ;.ha  tarms  ara  t.ha  aama  aa  shown  in  Figura  35. 

Tha  acacia  rasiatanca  (P^)  in  hoop  eomprasaion  was  datarminad  for 
various  3/t  ratios  and  concrata  atra.'igths  (f^)  of  S,  300  and  10,000  pai  (saa 
Figura  381  . 

If  an  innar  staal  linar  is  usad,  tha  hoop  rasiatanca  of  tha  ailo 
including  tha  influanca  of  tha  linar  can  ba  aatimatad  as  follows: 
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(3.15) 


U«in9  chis  •qu«cion>  th«  at«tic  c«sist*no«  has  b««n  dacarminad  £ec 
various  S/t  sacios,  conarasa  scrangchs  of  S/300  and  10,300  psi,  and  staal 
l;.nar  thicknassas  (a)  of  1/64  and  1/32  aa  shown  in  Tigura  39.  Tha  yiald 
scrtngch  of  staal  was  assuxnad  to  ba  60,000  psi. 

:£  innar  and  outar  Linars  ara  usad,  tha  hoop  rasiscanea  can  ba  astimatto 
as  follows; 


P 


0 


(3.1") 


Usin?  this  aquation,  tha  static  hoop  raaistanea  has  baan  datacminad  and 
is  shown  in  fiqura  40.  It  can  ba  ebsasvad  by  oompasinq  riquras  38,  39,  and 
40  that  staal  linacs  anhanca  tha  statio  hoop  rasistanoa  of  silos. 

3.3.2  Natural  Periods  and  Influanca  of  Strain  Rata. 

Ptasantad  ara  axprassions  for  tha  silo  acting  in  axial  comprassion  and 
in  hoop  tomprassion  modes .  These  modes  should  ba  reasonable  for  tha  axial 
load  caused  di::ectly  by  airblast  and  tha  horizontal  loading  induced  by  soil 
stress.  Also  prasantad  is  tha  influence  of  strain  rats  on  concrete  strength 
for  both  modes . 

3. 3 .2.1  Axial  (Vartieal)  Cormrassion  Mode.  Tha  natural  period 
(Rafatance  3)  in  axial  comprassion  can  ba  expressed  as  follows: 


T  -  30tl 


msec 


(3.18) 


where : 

1  "  Length  of  silo,  inches . 

£  ■  Modulus  of  alasticity,  psi. 
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Shown  in  7abl«  9  is  tha  natural  parioci  in  axial  comprasaion  for  a  ailo 


having  diffaront  langtha  and  concrata  atrangtha  (f^)  oS  5,000  and 
10,000  pai.  Alao  ahown  ia  tha  acrain  rata  and  sorraaponding  dynamic-to- 
atacie  acsangth  ratio. 

3.3.2.2  ■  .Hgop  (Horixontal)  Como raaa ion  woda.  Tha  natural  pariod 
(Rafaranca  9)  in  tha  hoop  compraaaion  moda  ia  axpcaaaad  aa  followa; 


T  •  2» 


(3.19) 


whart : 

7  "  waighc  danaity. 

S  ■  Inaida  diamatar. 

£  ■  .Modulua  cf  alaaticity. 

g  -  Aocalaration  dua  to  gravity. 

Tha  axpraaaion  ia  for  eiroular  ringa  whara  tha  thioltnaaa  ia  amall 
oomparad  to  tha  radiua  (S/2)  .  Tha  parioda  in  hoop  oompraasion  for  ailoa 
having  vacioua  diamatara  (3)  and  eenerata  atrangtha  of  5,300  and  13,000  pai 
art  ahown  in  Tabla  13.  Alao  ahown  ia  acrain  rata  and  tha  eorraaponding 
dynamic-to-atatic  atrangth  ratio.  Tor  S/t  valuas  of  2  and  4,  tha  oalculacad 
parioda  uaing  Equation  3.19  ara  in  arror  by  25  and  16  parsant,  raapactivaly . 
Aa  tha  calr.ulatad  parioda  ara  vary  amall  with  raspact  to  tha  duration  tima 
of  t.ha  load,  tha  arror  in  tha  pariod  ia  inaignifioanc  for  raaponaa 
pradistiona . 

3.3.3  Influanca  of  Stata  of  Straaa  of  Concrata. 

Concrata  ia  uaad  primarily  for  ita  compraaaiva  atrangth  charactariatica. 
hanca,  tha  uniaxial  compraaaiva  atrangth  (f^)  ia  an  important  factor  in 
dafining  tha  atrangth  of  concrata.  Howavar,  whan  conaidaring  t.ha  raaponaa 
of  buriad  ailo*typa  atructuraa,  tha  influanca  of  a  triaxial  atata  of  atraaa 
ia  aignificant.  Tha  incraasa  in  load-carrying  capacity  undar  triaxial 
conditiona  can  ba  aignificant  aa  damonatratad  by  tha  normalizad  triaxial 
compraaaion  data  ahown  in  Figura  41. 
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rot  oiie  biax-Al  stat*  whan  #3  ■  0  and  ^3  "  >  i-  2*^  -•  observed 

chat  the  normal  sompressive  itressr  <  is  about  30  percent  greater  chan 
Che  compressive  strength  of  concrete  (ffj  ■  fg! .  eor  slight  increases  in  ^3 
,  Che  value  for  9^  increases  appreciably.  Under  triaxial  states  of  stress 
the  behavior  of  eonerete  is  much  more  ductile  than  under  uniaxial  or  biaxial 
states  of  stress;  hence>  the  energy  absorbing  capacity  of  the  material  is 
also  increased. 

If  we  consider  a  horisontal  section  of  a  silo  below  the  closure,  the 
directly  transmitted  shock  through  the  structure  will  arrive  before  the 
airblast-induced  ground  shook.  During  the  lag  time  between  the  arrival  of 
t.he  two  shock  fronts,  cite  induced  stresses  in  the  silo  are  caused  only  by 
the  shock  directly  transmitted  through  t.he  structure.  However,  even  for 
this  case,  steel  liners  and  reinforcing  steel  in  the  silo  can  create  a 
confined  condition  that  should  produce  a  beneficial  state  of  stress  t.hereby 
increasi.ng  the  load-carrying  capacity  of  the  silo.  When  the  horizontal 
component  of  the  ground  shock  arrives,  it  couples  with  the  directly  induced 
stresses  in  the  concrete  silo  causing  a  much  more  beneficial  state  of 
stress.  Both  of  t.hese  conditions  are  discussed  in  the  following  sections. 

A  section  S  feet  from  t.he  top  of  the  silo  was  selected  for  design  purposes, 

I 

see  Section  A  of  figure  42. 

3  .3 .3.:  Directly  Transmitted  Shock  through  Silo  Only.  7he  silo  under  this 
condition  is  loaded  only  by  the  directly  induced  shock  through  the 
strueturo,  i.e.  the  airblast-induced  ground  shock  has  not  yet  arrived  at  t.he 
section  of  interest,  figure  42  (t  «  tj^)  .  Also,  if  inside  and  outside  steel 
liners  are  used,  the  stress  wave  will  travel  faster  in  the  steel  and  arrive 
at  Section  A  before  the  stress  wave  travelling  through  the  coneret* 
sandwiched  between  the  two  places  arrives.  This  should  tend  to  indues 
horizontal  compressive  stresses  in  the  concrete  at  Section  A.  The  stress 
wave  in  the  concrete  arrives  a  snort  time  later  (less  than  about  1  ms  for 
t.he  structures  considered  in  this  report)  .  The  axial  compressive  stress 
induces  a  hooo  compressive  stress  (03)  based  on  Poisson's  ratio  (u)  . 

The  strain  in  t.he  radial  direction  is  constrained  by  lateral  rebars  (ties) 
in  combination  with  the  steel  liners  if  they  ace  present  as  well  as  the 
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paaaivt  action  o£  th«  surrounding  soil.  H«nc«,  th*  radial  scrass  componant 
(sj)  can  also  ba  in  comprassion.  Thus,  i£  t.ha  threa  componancs  o£  strass 
ara  in  comprassion,  a  £avoraola  condition  axis-ts,  sea  Figure  42. 

Based  on  Reiesenee  2,  the  confinement  provided  by  hoop  steel  in  circular 
columns  can  increase  the  axial  compressive  strength  up  to,  sey,  40  percent, 
depending  on  t.he  amount  of  confining  steel,  if  inner  and  outer  steel  liners 
are  used  in  conjunction  w.th  confining  steel,  the  axial  compressive  strength 
will  even  ba  graater  (Rafaranca  2)  .  From  calculations  made  for  the  case  of 
rigid  liners,  it  was  found  that  t.he  axial  strength  for  thich-walled  silos 
was  inoraased  by  a  factor  greater  than  four.  For  design  purpose,  we  will 
assume  the  following  conditions  for  the  three  silo  geometries  of  interest: 

Silo  with  no  liners,  •  1.2  9g  (3.20) 

Silo  with  inner  liner,  *  l.S  (3.21) 

Silo  with  inner  and  outer  liners,  si  ■  2.0  s^  (3.22) 

where  Sg  ■  fg  ,  see  Figure  41. 

3. 3 .3. 2.  airsgtly  jgansmitted  Shock  throuch  Silo  Coupled  with  Rirblast- 
InduesQ  ground  3hoe)t.  It  should  be  noted  that  t.he  relationships  shewn  in 
Figure  41  ara  based  on  the  following  assumption: 

^1  ^  *2  ^  ®3 

Depending  on  the  ground  range  from  QZ,  i.e.  9^  from  15,000  to 
500  psi,  various  combinations  of  stress  can  exist.  For  example,  if  t.he 
radial  soil  stress  is  greater  than  the  axial  stress  shown  in  Figure  42,  then 
the  following  relationships  are  possible: 

*1  ■  *hoop 
•2  ■  •radial 
•3  “  •axial 
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Zi  axial  scrass  is  graacar  ciian  tha  radial  soil  scrass,  tha  fallowing 
ralacionships  ara  posaibla: 

*1  “  'hoop 
'2  •  'axial 
'3  •  'radial 

Shown  in  rigur*  42  at  c  ■  t2  i«  tha  arrival  of  tha  airblast-inducad 
ground  shoclc  loading  at  Saction  A.  Tha  horizontal  componant  of  this  soil 
strass  craacas  a  fairly  uniform  strass  at  this  saction.  Also  at  this 

tima,  tha  shoclc  front  in  tha  concrata  silo  has  probably  raflactad  off  tha 
bottom,  travallad  upward,  and  may  hava  avan  passad  Saction  A,  dapanding  on 
tha  langth  of  tha  silo.  Aagardlass,  tha  paalc  axial  oomprassiva  strass  has 
had  tima  to  dacay 

To  datarmina  tha  tziaxial  stata  of  strass  for  Saction  A  at  t  -  t2  /  »ha 
axial  load  on  tha  silo  at  that  tima  must  first  ba  calculatad.  Tha  axial 
load  at  tima  t  -  t2  was  found  by  avaluating  tha  axprassion  for 
ovasprassura,  p(t)  ,  with  tima  using  tha  following  ralationship  from 
Aafaranca  8; 


-•r  •fy  -yr 

p(t)  -  (1  -  f)  (aa  ba  i-  ca  )  (3.13) 

Shown  in  Tabla  11  ara  tha  ground  surfaca  air  ovarprassura,  p(t2)  ,  at  a 
tima  aqual  to  t2  for  ovarprassura  lavals  ranging  from  15,300  to  SCO  psi 
datarminad  by  using  Squation  3.23.  Having  datarminad  tha  paalc  prassura 
acting  on  tha  silo  at  tima  t2  ,  tha  axial  strass  at  tima  t2  is  datarmi.nad 
by  tha  following  axprassion: 


'^axial 


(3 .24) 
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Shown  in  Figures  10  through  14  ar«  noraalizad  varticai  straasas  (ffj) 
wizh  dapeh  for  cha  linaacly  alaatic  caaa  (r  -  1)  and  zha  linaar  loading  saaa 
wi;h  no  racovary  (c  -  0)  .  Tha  actual  atraaa  ia  'ootwaan  tha  two  valuaa  ar.c 
for  our  calculacions  will  ba  assunad  to  ba  tha  avaraga  of  tha  two  casas. 

?ha  horisontal  or  radial  aoil  straaa  ia  datarminad  fror.  tha  following 
ralacionahip: 


ffradial  - 

rrom  Tabla  3  and  for  daptha  up  to,  aay,  20  faac,  a  raaaonabla  and 
avaraga  valua  for  k  ia  0.42  and  haa  baan  uaad  in  datarmining  tha  radial 
atraaa . 

Tha  hoop  Goinpraaaiva  atraaa  ia  ralatad  to  tha  radial  atraaa  aa  followa; 


®hoop 


f  ^  “1  •  *radial 

t 


(3.26) 


Shown  in  Tablaa  12,  13,  and  14  ara  tha  ralationahip  of  and  a2/a^ 

baaad  on  Figura  41  for  paak  ground  aurfaea  ovarpraaaura  lavala  of  19,000, 
10,000  and  5,000  pai,  raapaetivaly.  Equations  3.24,  3.25  and  3.26 
dascribing  tha  axial,  radial  and  hoop  straasaa  wara  uaad  in  tha  davalopmant 
of  tha  tablaa.  For  design  purpoaas,  it  is  balievad  raaaonabla  to  uaa  tha 
fallowing  valuas: 


^i/ffr  “  4  -  ff2''®r  (3  .IT) 

Tha  affactiva  duration,  lA  ,  of  tha  axial  stress  bafoca  angulfmant  of 
tha  radial  atraaa  can  ba  datarminad  aa  follows  and  ia  shown  in  Tabla  11: 

At  -  tj_  -  t2  (3.23) 


where : 


0 .5  ms 
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3.3.4  Sidawall  Triccion. 

Zhm  incr«as«d  load-carrying  capacity  of  cha  silo  rasultin?  frtm  sidawall 
friction  has  'oaan  calculatad.  It  has  baan  datarminad  that  tha  i.ncraesa  is 
r.agliqfibla  in  comparison  to  t.ha  loads  t.ha  silos  ara  axpactad  to  rasast:  .  ?:r 

axamplar  a  10-foot  silo  will  ganarata  only  about  1  psi  and  a  20-f9ot  silo 
only  2  psi  in  sidawall  friction.  Tharaforar  t.ha  af facts  of  sidawall 
friet:.on  in  tha  analysis  will  not  ba  considarad. 

3.3.5  Dynamic  Analysis. 

A  dynamic  analysis  was  mada  using  a  SOOF  raprasantation  of  tha  busiad 
silo  in  axial  (vartical)  and  hoop  (horisontal)  comprassion  modas.  Tha 
rasponsa  was  datarminad  for  silos  having  S/t  ratios  from  2  to  9 .  Tha  static 
rasistancas  (9,  and  Pg)  shown  in  Figuras  35  and  37,  tha  natural  pariods  (T^^} 
and  tha  dynamic  IF' a  shown  in  Tablas  9  and  10  wara  raguirad  i.nputs  in  tha 
analysis.  Tha  rasponsa  of  tha  SOOF  systam  was  mada  for  two  conditions; 
bafora  and  aftar  radial  soil  angulfmant>  with  tha  critical  condition  baing 
bafora.  Tha  analysis  was  mada  foe  tha  unlinad  silo,  t.ha  innar  staal  linad 
silo,  and  foe  tha  silo  having  both  i.nnar  and  outar  staal  linars .  In  all 
casas,  tha  staal  linar  thicKnass  (a)  was  assumad  to  ba  1/64  of  tha  concsata 
thicicnass  (t)  .  A  ductility  factor  (it)  of  2  for  tha  alastie-parfactly 
plastic  systam  was  assumad. 

3.3.5. 1  Axial  (Vartical)  Comprassion  Moda.  Tha  analysis  of  t.ha  silo  at 
Saction  A  in  axial  comprassion  was  mada  for  tha  casa  bafora  soil  angulf.mant . 
It  should  ba  notad  that  tha  silo  will  ba  strangthanad  significantly  aftar 
t.ha  angulfmant,  thus  graatly  ineraasing  its  load-carrying  capacity. 

Rasponsa  charts  hava  baan  davalopad  (Rafaranca  12)  by  numarically 
intagrati.ng  t.ha  nondimans ional  aquations  of  motion  for  t.ha  undampad  SDCF 
modal.  T.ha  i.nput  loadi.ng  usad  in  davaloping  tha  charts  was  an  analytical 
approximation  to  tha  actual  nuclaar  burst.  Tha  duration  associatad  with  tha 
loading  is  dapandant  upon  tha  wava  spaads  in  tha  soil  (Cj,)  and  concrata 
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(C.) .  A  value  of  10,000  ft/s  was  used  as  cha  wave  speed  ir  c^e  soncrete 
(Cg) .  Tor  calculation  purposes,  values  of  Cj^  of  900,  750,  700,  650,  and 
SCO  ft/s  were  used  at  overpressure  ranges  of  15,000,  10,000,  5,000,  1,000, 
and  500  psi,  respectively. 

The  results  of  the  analysis  ace  shown  in  Tables  IS,  16,  and  17  for  the 
unlined-,  si.ngle-  and  double-lined  silos,  respectively.  The  results  are 
presented  graphically  in  Figures  43,  44,  and  4S  which  show  more  clearly  the 
benefits  of  the  steal  liners. 

3.3.5.:  Hope  (Horizontal)  Camoression  Mode.  Shown  in  Figures  10  through  14 
are  ncnnalized  vertical  stresses  as  a  function  of  strain  recovery  (s)  and 
overpressure  with  depth.  These  figures,  coupled  with  Table  3  which  relates 
horizontal  to  vertical  stresses,  define  the  state  of  stress  for  a  section  of 
t.he  silo.  For  consistency  with  previous  calculations,  an  IF  has  been  chosen 
and  used  for  all  overpressure  and  S/t  ratios.  For  this  section,  a  factor  of 
4  will  be  used.  For  analysis  purposes,  a  recovery  ratio  of  1/2  and  a  depth 
of  S  feet  were  chosen.  A  dynamic  analysis  was  performed  on  the  silo  in  hoop 
compression  to  determine  the  silo's  capacity  to  resist  horizontally  applied 
loads,  The  radial  (horizontal)  capacity  of  the  silo  is  derotad  by  ^radial 
and  is  related  to  the  vertical  stress  (e,)  by  the  k  factor  given  in 
Table  3.  In  this  section,  k  will  be  assumed  constant  and  equal  to  3.4:.  A 
relationship  between  vz  and  has  been  determined  via  Figures  10 

through  14  and  shown  as  follows: 

»z  -  •a''  ?so 

The  results  of  the  analysis  are  shown  in  Table  19  and  are  also  shown 
graphically  in  Figure  46. 

3.4  3ASE  SLAB. 

Generally,  t.he  base  slab  is  an  integral  part  of  t.he  silo  system  and  as 
such  is  designed  to  withstand  t.he  shear  and  bending  loads  imposed  by  t.he 
silo  as  well  as  the  vertical  soil  stresses  induced  by  t.he  punchi.ng  action  of 
t.he  soil.  For  design  purposes,  the  confiqruration  used  for  the  closure  will 
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also  b«  adequata  for  she  base  slab.  The  only  difference  would  be  she 
desailing  of  reinforcing  aceel  so  provide  sufficiens  xoraens  and  shear 
sransfer  as  she  silo  slab  intersecsion.  Klio,  sufficiens  reinforcing  sseel 
should  be  placed  in  each  face  so  nainsain  she  insegrisy  of  she  slab  wish  s.he 
silo.  An  alsernase  conceps  shas  mighs  prove  beneficial  foe  a  coiranunisasions 
ssruesuse  locased  as  overpressure  levels  greaser  Shan  S,000  psi  is  a 
f leasing  base  slab.  The  accelerasion  and  mosion  imparsed  so  s.he  f leasing 
slab  would  be  signifieansly  seduced  compared  so  shas  for  a  rigid  slab. 

Thus,  she  f leasing  slab  isself  helps  so  serve  as  a  shoch  isolasion  syssem. 
However^  before  such  a  conceps  could  be  considered  is  would  need  so  be 
checicad  ous  by  conducsing  model  sesss  in  she  field  in  a  simulased  nuclear 
bliss  environmens . 

3.5  IZrTIMG  .MECHANISM  CONCEPTS  INCLUDING  LOADING  CPZTSAIA. 

Discussed  in  shis  secsion  are  she  general  power  requisemenss  so  lifs  s.he 
slab  and  dome  closures.  Shown  in  Table  19  arc  she  design  ejeesa  depshs 
associated  wish  different  overpressure  ranges  from  GZ,  lifting  ssssite 
sequiremsnss^  she  effective  resistance  force  (weighs  of  closure,  ejeesa  and 
shear  resistance  of  soil) ,  and  horsepower  requirements  based  on  a  travel 
case  of  1  fs/min  for  bosh  slab-  and  dome-type  closures.  Shown  in  Figure  47 
are  she  power  requiremenss  associated  wish  various  ranges  from  GZ.  For 
practical  purposes,  a  minimum  value  of  3  hp  will  be  assumed.  Lifting 
concepts  for  slab-  and  dome-type  ansennae  structures  are  discussed  in  she 
followi.ng  sections. 

3.3.1  Slab-Type  Closures. 

Two  basic  concepts  for  lifting  or  moving  slabs  were  considered.  For 
overpressure  ranges,  say,  less  than  2,  000  psi  where  s.he  ansicipased  ejeesa 
thiclcneaa  is  a  little  more  t.han  1  foot,  she  slab  closure  can  be  moved 
horizontally.  For  overpressure  ranges  closer  so  GZ  where  ejeesa  s.hicicnesses 
up  to  4  fees  are  anticipated,  concepts  to  raise  the  closure  vertically  have 
been  considered.  An  interesting  study  (References  17  and  18)  was  conducted 
shas  evaluated  11  different  closure  concepts  for  missile  silos.  After 
various  evaluations,  including  some  simple  model  studies,  is  was  concluded 


thac  the  cis*  and  cocac*  and  aingla-hing*  concepts  oSSered  the  most  premise. 
For  both  of  these  concepts,  the  actuators  and  other  mechanical  systems  to 
lift  and  rotate  were  located  external  to  the  silo.  For  slab  closures  for 
antenna  structures  it  is  believed  the  rise  and  rotate  and  sliding  concept 
offer  the  most  promise.  The  lifting  and/or  pushing  mechanisms  can  probably 
be  located  within  t.he  structure  for  both  concepts.  The  concept  for  lifting 
and  rotating  t.he  closure  are  for  the  deeper  ejecta  depths,  whereas  the 
sliding  concept  is  for  ejecta  depths  less  than  1  foot. 

3.5.2  Lifting  Mechanism  Concepts  for  Dome  Closures. 

T.he  dome>covered  hardened  structure  makes  it  possible  to  develop  an 
interesting  concept  for  dished  antennae  systems.  For  an  actual  design  t.he 
hemispherical  dome  as  shown  in  this  report  could  be  supplanted  by  a  .more 
"bullet "oshaped  closure.  However,  the  design  concepts  and  relative  costs 
described  in  this  report  should  be  adequate  for  different  shaped  domes  as 
well.  The  dome  structure  is  probably  better  suited  for  high-ovetpressure 
levels  and  the  sliding  slab-type  closure  for  lower  overpressure  levels.  The 
concept  for  lifting  a  domed  closure  is  shown  in  Figure  48.  Note  that  this 
concept  is  based  on  a  dome  that  unpeels  like  an  orange  in  four  pieces .  The 
dome  system  also  has  the  advantage  or  option  of  being  completely  covered  by 
soil.  :f  a  camouflaged  site  is  desired,  the  dome  structure  is  well  suited. 
T.he  dished  antennae  rides  on  uhe  lifting  mechanism  and  is  directly  beneath 
t.he  closure.  After  t  '.e  cloaurt^  has  been  raised  and  t.he  dome  opened,  t.he 
antennae  car.  be  raised  or  operated  in  piece.  Sstimated  rattlespace  require¬ 
ments  for  t.he  internal  support  system  are  also  shown  in  Figure  48. 

3.3.3  lifting  .Mechanism  for  Antennae. 

The  lifti.ng  mechanism  for  the  various  antannae  of  interest  is  relatively 
straightforward.  The  same  power  supplies  thet  operate  t.he  lifting 
mechanisms  for  t.he  closures  can  be  used  to  operate  the  antennae  after  t.he 
closures  have  been  opened  or  .moved. 
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3.S  SPACS  AEQUIREI-tENTS  WITHIN  A  HARDENED  COMMUNICATIONS  STRUCTURE. 

Not  only  must  the  facility  contain  the  racica  houaing  the  receiving  and 
tranamitting  equipment  neeeaaety  for  communication,  hut  the  auppocting 
equipment  aa  well.  The  supporting  equipment  includes  the  alternate  power 
supplies  to  operate  t.he  lifting  mechanisms  for  both  the  closures  and 
antennae  and  to  operate  t.he  communication  equipment.  It  is  assumed  that  two 
hardwired  lines  enter  the  structure  to  provide  power;  however,  if  both  li.nes 
are  lost  during  an  attack,  two  alternate  power  supplies  will  be  available, 
i.e.  batteries  and  a  motor  generator.  In  addition,  air-conditioning  is 
required  to  maintain  a  proper  environment  for  the  communioations  equipment. 
Also,  a  sump  pump  may  be  needed  to  keep  t.he  structure  free  of  standing  water 
should  rain  be  a  problem.  Shown  in  Table  20  are  general  requirements 
(provided  by  .Mr.  James  9.  Cooper  of  the  ONA)  for  three  different  types  of 
communications  temminals . 

3,6.1  Design  and  Operational  Ass'umptions. 

The  following  design  assumptions  have  been  made  that  influence  space  and 
operational  requirements  within  the  structure: 

Hardwire  power  will  be  available  from  at  least  one  source, 
preferably  two. 

Backup  battery  pownr  will  be  available  to  operate  the  closure 
system  and  erect  t.he  antenna  with  a  capability  to  operate  t.he 
communication  equipment  for  about  7  hours.  The  motor  generator 
will  take  over  when  t.h^  closure  is  opened  and  t.he  antennae  erected; 
however  if  the  generator  fails,  t.he  batteries  will  continue  to 
operate  the  communication  equipment. 

£.  A  backup  motor;  generator  will  be  available  and  designed  for  propane 
operation  (first  choice)  or  diesel  (second  choice)  .  The  system 
will  be  designed  for  two  options,  i.e.  the  first  considers 
operation  for  one  week,  t.he  second  for  one  month.  The  system  will 
be  provided  with  means  to  supply  fresh  air  for  combustion  and 
removal  of  exhaust  gases  and  heat.  Generator  to  be  started  after 
openi.ng  and  erection  of  antenna. 

Communication  equipment  requires  only  reasonable  over-under  voltage 
protection  (not  sophisticated  regulation) . 

£.  A  logic  circuit  in  the  control  system  will  be  provided  to  take  a 
normal  path  if  the  generator  starts  and  an  emergency  path  if  the 
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gvnaracoc  does  noc  scaso  oc  fails  sometime  after  starting  so  tnat 
the  battery  power  can  be  reinitiated. 

Batteries  must  be  provided  with  means  to  remove  gas  (explosive) 
given  off  during  ctiarging.  This  must  be  provided  while  t.he  silo  is 
closed  as  it  is  assumed  that  the  oharging  will  be  done  by  the 
hardwire  power  source. 

2,  Most  of  the  temperature  control  can  be  provided  by  installing  a 
heat  exchanger  in  the  soil  (or  rock)  near  the  bottom  of  the  silo. 
However,  this  does  not  include  the  generator  exhaust  and, 
therefore,  fans  must  be  provided  to  exhaust  generator  gases  and 
heat.  Squipment  can  be  grouped  and  air-cooled  as  required. 

Pressure  switch  at  surface  with  programmable  delay  will  put  the 
system  into  operation  unless  cancelled  by  hardwire  control.  Thus, 
if  hardwire  is  lost  due  to  a  nearby  explosion,  the  system  will 
deploy. 

A  carrier  current  system  can  be  used  effectively  on  the  power 
hardwire  if  distances  are  not  excessive.  This  will  allow  control 
signals  to  be  sent  to  the  silo  and  condition  of  components  inside 
to  be  measured  and  telemetered  on  the  powerline.  Tor  example, 
battery  voltage,  temperature,  humidity,  and  results  of  equipment 
exercising  data  can  be  obtained. 

3.6.2  Layout  for  One-Week  Operation. 

A  layout  for  a  one-week  operational  period  is  shewn  in  figure  49.  :n 
this  configuration,  an  attempt  was  made  to  minimize  the  interior  diameter  of 
the  silo.  The  equipment  is  packed  within  a  space  3  feet  in  diameter  and 
23.6  feot  high.  The  layout  was  also  based  on  t.he  lift  or  break  out 
situation  described  in  figure  48  for  a  domed  closure  configuration.  The 
form  for  a  slab  closure  configuration  would  be  very  similar.  T.he  space 
configuration  is  baaed  on  t.he  assumption  that  approximately  60  ft^  of 
batteries  are  required  and  that  the  propane  fuel  tanks  (2  feet  in  diameter 
by  3  feet  long)  contain  70  gal  of  fuel  per  tank  and  t.hat  '‘he  fuel  is 
expended  at  a  rate  of  2-1/1  gal/h.  The  motor  generator  and  hydraulic  pump 
system  each  occupy  a  4-  by  2-1/2-  by  2-foot  space.  Sach  communication 
equipment  rack  occupies  a  7-  by  2-  by  2-l/2-foot  space.  T.he  control  panel 
for  the  equipment,  the  battery  charger,  switch  gear,  battery  inverter,  air- 
conditioner,  and  exhaust  fans  are  not  shown  on  the  drawings .  However,  it  is 
believed  there  is  ample  space  for  locating  these  items  as  well  as  hydraulic 

and  electrical  li.nes  in  t.he  remaining  space  shown  in  Figure  49. 
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3.6.3  udyouc  foe  On«-Mont.^  Opara&ion. 


A  layout  foe  a  one-month  operational  period  is  shovm  in  rigure  SO.  Note 
that  this  configuration  is  based  on  a  space  10  feet  in  dianietes  by  1" . 3  feet 
high.  The  2-foot  increase  in  diameter  over  the  space  shown  in  figure  49 
makes  it  possible  to  pack  the  equipment  for  a  one-month  operational  period. 
If  the  configuration  shown  in  figure  49  were  to  require  operating  for  one 
month,  the  stack  would  increase  from  the  23.6  feet  shown  to  about  32  feet, 
or  about  twice  t.he  length  for  a  10 -foot -diameter  stacking  arrangement  shown 
in  figure  SO. 
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Takl^  b.  Slreiigtii  iiicreatie  raLio^  due  to  strain  rate  for  slab-type  closures. 
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Tiible  6.  Allowable  |>eak  overpressures  anJ  L  iste  Lu  ■axiaua  response  for 
slab-type  closures,  i-Kf  device,  HOB  =  U. 


QQ  QO 


v/^  ^  ^ 

•4*  «*T  ^  O' 


r' 

O'  ff'  tvj  (VJ  sO  ~0 


^  a  -  I  i  §  I 

«  M  •  •  •  • 

eu  a  oD  (W  O'  rn 


II  s§  |S 

'OS  hk  ^  f*' 


ooew  o'<'^  9i  tr  rti/s  *rm  cv(v  <w<n  Nm 


U  <4  sO 

■  V  <*  •*  v'v^  r*>r^ 


•o  NN  (*»!*•  OO 


«*i  fV«V  mm  mm  •O’T  PnW  mm  mm 


SS  S8  S 

0^ 


SS  88 

kT  l/^  •»  « 


0  mm  aikrkk  P'kV'  (*'0  9<  9  mf  tTS  ^  «'2  O 

•  a  ••  ••  mm  mm  mm  mm  mm  mm  • 

Og  &  •Ol4•r'4v^r^  (Ni*^(S(^f^ 


—  n 
a  a 

U  M  u 

s  u  ■  a 

s 


M  —  O 


•V  u  * 

-  88  g 


tawaa  -m  aoiri 

•■aw'ih  <a  r'«'4^ 

>wV)n  fil  ••  « 

5  «  1  =52 

^  •  a 
a. 


8  88  88  88  88 

kj*  ®r»'a*i/sO"»  rk,p.. 


woB  *r>«  tTirk  ^oe  Nrt  fvsr  nsr 


a 

v 

u  e 

—  1 

ml  ^  a  «k 

0  a  Sg  M 


8  88  88  88  88  88 

(N  l^<S  OtN  0(N  OfV 


S'*  S  S  S  X 

s  ^  s  ^ 

<9  9  w*' 


'40'  >40'  vOO*  «"*0  rikT  ng»  M(W  a^M  katw 


a  SO  S 

u  a  -  o  —  o 

'J  «  a.  «  k 

flu  d.  v/' 

w  Vi 


S  S  S  S  9  3 
3  3  3  3  8  3 


O  vso  J'C  J'O  '/^'5  '('■S  I/'S  k'S  '/'S 


a  kT 

l^tfl  B  2 

V3 


IN 


92 


See  Table 


Tabit:  6.  Al  lowable  peak  uvurpr e:isut es  an<l  Line  to  Max  Inna  response  for 
slab  type  ciusttt'es,  I -ftf  tlevice,  HUB  =  U  ( euat  iiuietl)  . 
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Tabla  7. 

Strength  increase 
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Tabic:  B.  Allowables  l>c:.ik  ovcsr|>re:>:>iircs:i  auJ  Lines  Lu  naxiimsn  rcssi|>uiis>e  tor 
done-iyiie  elosiureti,  l-HT  Uesviere,  IIOS  =  O, 
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*Stse  Tables 


Table  tt.  Allowable  peak  ovei  pressures  and  LiMe  to  Max. mum  response  fuc 
duwe-type  i  lo:>uiei>,  1 -MT  device,  IlOB  —  O  (continued). 
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Table  9.  Sccengeh  Increase  ratios  due  to  strain  rate  for 
silos  in  axial  conpresaion. 
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Period 

Rate 

Static  Strength  (IF) 

ft 

psi 

me 

In/in/e 

Ratio 

10 

5,000 

5.45 

1 

1.4 

10,000 
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Table  10.  Screngch  Increase  ratios  due  to  strain  rata  for 
silos  in  hoop  coopression. 


Span 

Concrete 

Matural 

Strain 

Dynaaic  to 

(S) 
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Period 

Race 

Static  Strength  ( IF' 

ft 

psi 

as 

In/in/s 

!latio 
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Table  11.  Peak  pressure  at  tiue 
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Table  12.  Triajilal  stress  relationsltips  for  luillneJ  silo  after  soil  stress 
engulfaenl,  P  =  15,000  |isi  . 
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Tal>lu  13.  Triaxial  streiis  relatiooablps  for  unilned  bHo  after  soil  stress 
engultaeai ,  P  -  10,000  psi  . 
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Tabit;  14.  Trlaxial  stress  relatioashlps  for  uulioed  silo  after  soil  stress 
engulfaeat,  P  5.000  psl  . 
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Table  Itt-  Dyoaalc  analysis  of  ualioed  silo  in  hoop  coapressioa  after  arrival  of 
radial  soil  stress. 
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Table  19.  Puuer  aiid  stroke  re<|uireaeots  fur  slab-  and  du«e-type  closures. 
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Travel  rate  at  I  tt/uiii  assumed 


Table  20.  Represencaclve  requiremencs  for  chree  dlfferanc 
cofflfflunlcacioas  ceralnals. 


Comnunicacions  Terminal 

Mllacar 

DSCS 

AHF 

if 

dumber  of  Racks 

2 

3 

2 

Terminal  Power  (kw) 

5.0 

9.0 

3.0 

Cooling  (Btu/h) 

17,070 

30,726 

10,242 

Weight  (lb) 

67C 

1,200 

700 

Antenna  Size 

26-ln  dish 

60-  to  96-in  dish 

whip 

Sach  equlpmetic  rack  la  2  by  2.5  by  7  fc.  Racks  may  be  configured  in 
any  aode,  e.g.  verclcal/horizoncal  chac  is  conslscenc  wlcb  cba  caniscer 

dasign. 

The  caminal  power  escioaca  provided  does  noc  Include  power  required 
for  air  circulaclon/exhauac  for  cooling  equipment  or  for  air  circulation 
for  a  local  power  source. 
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Figure  Jo.  Slal  i«:  re^tsLaiice  ol  silo  uilli  internal  slt:el  I  iiiei  only. 
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Figure  AO.  Siul  io  liou|>  (liurizunLuI)  rfcsiiitunce  of  silo  with  iiiturii^l 
and  exlel’iial  ^teel  I  ilier^i. 


Hiiriaal  Iriaxial  ion  daLu  (Ref ci'euct;  J). 


SCrtia  Wtvti  *c  t  -  ScrtsB  Wavts  ac  c  ■  Cj 


%oop 


S ace  ion  A  at  c  ■  Saetion  A  ac  c  ■ 

Prior  :o  Soil  Stress  Arrival  of  Soil 

Vava  Engulfmant  Stress  Wave 

Figure  ^2.  Direct- induced  alrblast  and  airblast-induced  ground 
hock  engulfaent  of  silo. 
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Ax  iu  I  ower|>iesii«»re  Cii|>aclLy  of  iiul  iOoJ  silos  lo  a  1  HI  weapou 
l>r  iui  to  atiival  of  radial  soil  stress,  HUB  -  O,  |i  - 
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Figure  ^5.  Axi-il  ^vei |»rcsiiure  capacity  ol  inwcr  and  outer  lined  silo 
(—  =  — )  to  a  1-MT  weapon  prim  to  arrival  of  radial  soil 

stiess,  IH>&  -  O,  p  =  2. 
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Kigure  46.  Pcr^ik  ground  iiurfac«r  ovtrpressure  capacity 
tiil-j  l»>  a  1-MT  wcaiHNi  after  arrival  of  ra 
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Figure  47.  •'uwei  iet|uired  Lo  lift  doMc-  and  slab-lypu  clusuires 
l-MT  wca|HHi,  IKitt  O  ft. 
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SECTION  4 

REIATI’/E  COSTS  AND  TRADE-OFFS 

Pt#**nc#cl  in  this  s«ocion  *r«  coati  for  family  of  aiioa 

conaldatad  vataua  ting*  and  ov*rpr*«aut*  for  a  1-MT  surfac*  burse.  Th*  cose 
ar*  not  intt*nd*d  to  s*pe«s«nt  etu*  total*  foe  a  complae*  systam  but 
sufficitnt  so  that  ttad*-off  atudi**  oan  b*  mad*  to  d*t*tmin*  eh*  b*at 
s*l*ction  of  combinations  of  silo  stsuctus**  foe  minimum  coat. 

4.1  RELATXVX  COST  OF  SILO  ElEMINTS. 

Th*  aatimataa  hav*  b**n  dataetainad  using  construction  cost  data 
(^•Sasanc*  IS);  howavae,  thas*  aea  not  total  costs.  Tha  coat  of  raal 
aatata>  sita  peapaeationr  axoavation  and  baokfill  hava  not  baan  inoludad. 
Also,  th*  coat  of  communication  aquipmant  and  shocle  isolation  aystama  hav* 
not  baan  inoludad.  Th*  cost  doas  ineluda  oonoeata,  conceat*  placamant, 
forma,  eainfoecing  staal,  staal  plataa  (eollad,  machinad  and  waldad  as 
nacassaey)  and  th*  lifting  machaniams  to  inoluda  th*  powae  supply.  Th*  unit 
coats  of  th*  staal  plat*  basad  on  sis*  configuration  complsxity,  machini.ig, 
and  fabrication  was*  providad  by  Me.  S.C.  Loflin  who  has  had  considarabl* 
axparianc*  in  such  mattass  with  tha  Marathon-LaTousnaau  Company.  T.ha  powar 
saquisamants  foe  lifti.ng  t.ha  closue*  in  most  casas  also  satisfias  th*  powar 
saquiramant  foe  opaeating  t.ha  communication  aquipmant. 

4.1.1  Slab  Coats . 

Tha  cost  of  in-plac*  conceat*  (fg  *  S,  000  pai)  is  asti.mattd  at  930C/yd^ 
and  th*  cost  of  machinad,  eollad  and  waldad  plat*  as  shown  in  Tabla  21.  T.ha 
volum*  of  conceat*,  waight  of  staal  and  cost  of  slab  cloaueas  foe  usa  at  t.ha 
1S,0C0-,  13,CCC-,  S,3C0-  and  SOO-psi  ovaspeasausa  lavals  as*  shown  in 
Tabla  21.  Th*  ralativa  coat  of  th*  slab  cloaur*  varsus  eanga  :.3  shown  in 
Figus*  SI. 

4.1.2  Dorn*  Costs  . 

Th*  coat  of  in-placa  conceat*  (fg  ■  5,000  pai)  is  aatimatad  at  S35Q/yd^ 
and  th*  coat  of  machinad,  eollad  and  waldad  plat*  as  shown  in  Tabla  22.  Th* 
volum*  of  conceata,  waight  of  acaal  and  cost  of  dom*  cloaueas  foe  ua*  at  t.ha 
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15,  000-,  10,000-,  5,000-  and  500-psi  ov*rpr«ssur*  l*vals  ar«  shown  ir. 

Tabl«  22.  Th*  ralativa  cosn  of  nha  doma  closuca  varsus  can;a  is  shown  in 
rigusa  52. 

4.1.3  Silo  Coses . 

Two  langehs  of  silo  will  ba  considarad,  .i.a.  10  and  20  Sa«e.  Tha  cose 
of  in-placa  conecaea  to  inoluda  any  fomwork  and  sainfoseing  seaal  foe  tha 
silos  is  astimaead  at  S4S0/yd^.  Tha  cose  of  tha  maohinad  staal  baaring 
plats  is  S1.6S/lb.  Tha  cose  of  tha  rollad  and  waldad  innar  and  outas  seaal 
linass  is  shown  in  Tabla  23.  Tha  voluma  of  oonoeata,  waight  of  staal 
baaring  plats  and  waight  of  staal  linaes  as  apprepeiata  foe  tha  various 
ovaepsassusa  lavals  foe  silo  langths  of  10  and  20  fast  ara  shown  in 
Tabla  23.  Tha  ralativa  cose  of  t.ha  10-  and  20-foot-long  silos  varsus  eanga 
is  shown  in  figura  S3. 

4.1  4  Basa  Slab  Coats. 

It  is  assurnad  that  tha  basa  slab  will  hava  tha  sama  ganaeal  dimansions 
as  tha  slab  eloaura.  It  will  ba  assumad  that  tha  basa  will  hava  ona  covas 
plats  whan  linaes  ara  usad  with  tha  silo.  Tha  cost  of  in-plaoa  concrata  is 
astitnatad  at  9350/yd^.  Tha  cost  of  tha  staal  eovae  plata  it  astimatad  at 
$l.gS/lb.  Tha  voluma  of  concrata,  waight  of  staal  oovae  plata  and  cost  of 
basa  slab  for  tha  15,000-,  10,000-,  5,000-  and  SOO-psi  ovarprassuea  lavals 
ara  shown  in  Tabla  24.  Tha  ralativa  cost  of  t.ha  basa  slabs  varsus  eanga  is 
shown  in  Figura  54. 

4.1.5  lifting  Machanism  Costs. 

T.ha  Sica  of  tha  hydraulio  loading  rams,  powar  raep.\irtmanta  and  coats  to 
lift  slab  and  doma  olosuras  ara  shown  raspactivaly  in  Tablat  25  and  26.  Tha 
sti'oka  and  powar  raquiramanes  ara  basad  on  tha  thickness  of  ajacta  tha 
olosuras  must  punch  through.  ..'.own  in  Figures  55  and  So  ara  t.he  coots  of 
the  lifting  machanism  for  slab  and  doma  olosuras,  raspactivaly,  varsus  eanga 
for  4-,  8-  and  12-foot-diatnater  silos. 

4.1.6  Ralativa  Costs  of  Silo  Systams. 

Based  on  the  results  of  t.he  costs  of  individual  components,  the  relative 
costa  of  campleted  slab-  and  dome-type  structural  systems  sea  shown  in 
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?i9ur«9  57  and  S3,  raspencivaly,  for  silo  langths  of  20  faac.  Svan  o^ougn 
the  doir.a  slosura  syscem  provides  soma  additional,  usable  volume,  the  silo 
length  of  20  feat  was  used  In  detarmining  the  total  relative  costs.  It 
should  be  noted  that  the  cost  of  roal  estate,  site  preparation,  excavat:.on 
and  bacxfill,  coinmunicacion  equipment,  and  shoclc  isolation  systems  have  not 
been  included. 

4.2  THR£AI  SCENARIO  TOR  HARDENED  COMMUNICATION  SYSTEMS. 

Oepending  on  the  system  of  interest  and  a  postulated  attack  scenario,  a 
planner  should  be  able  to  use  the  information  in  this  report  to  make 
decisions  on  how  hard  an  antenna  structure  should  be  and  if  there  is  merit 
in  considering  two  leaser  hardened  structures  instead  of  one  relatively 
harder  structure. 

4.2.1  Redundancy . 

The  hardened  antennae  structure  may  serve  one  or  several  facilities 
depending  on  the  functional  nature  of  the  communication  system  of  interest . 
It  is  conceivable  that  fcr  a  single  communication  systam,  two  hardened 
antennae  structures  could  be  considered.  Likewise,  more  than  two  hardened 
antennae  structures  could  be  considered  for  a  systam  of  communidation 
facilities.  The  selection  of  a  redundant  hardened  communication  structure 
will  dapend  on  tha  importanca  and/or  hardness  level  of  t.He  primary 
communication  facility.  It  is  also  possible  that  two  structures  at  a  lowtr 
rated  hardness  level  have  a  better  chance  of  survival  than  a  single 
structure  rated  at  a  much  higher  level. 

4.2.2  Hardness  Coat  Trade-Offs. 

Shown  in  Figures  S7  and  S8  are  the  relative  construction  costs  of 
several  silo  structures,  including  t.he  cost  of  power  supplies  and  lifting 
.mechanisms  to  open  closures  and  raise  antennae. 

For  example,  assume  a  structure  with  a  dome  closure,  see  Figure  S3  for 
relative  coats.  Based  an  practical  limitations  of  space  required  for 
equipment  and  rattlespaee,  the  inside  diameter  of  such  structures  will  most 
likely  exceed  8  feet,  see  Figures  43,  49,  and  50.  Observe  that  thu 
rattlespaee  requirements  at  the  high  overpressures  are  appreciable. 
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7iiar«fcs«>  foe  axampla  purposaa  based  on  raaliscic  assumptions, 
dacamina  che  cost  of  ona  dome  closure  scructusa  is  12  faao  in  diametar 

and  20  faac  ion?  and  loeacad  at  eha  15,000-pai  ovaeprassura  laval.  ?r:m 
Fi^ura  58,  tha  ralaciva  cost  of  this  structure  is  about:  $530,000. 

Compare  this  with  the  cost  of  two  12*fioot-diametar  stsuctuzas  that  are 
20  fast  long  (actually  the  comparative  dimension  would  be  less  because  tha 
sattlaspaca  is  less)  and  located  at  the  S,000-psi  overpreJsura  laval.  Again 
from  Figure  58,  the  relative  cost  of  two  structures  is  about:  2  x  $130,000 
-  $380,000.  Consequently,  the  construction  cost  of  building  two  structures 
at  tha  5,000-psi  range  (880  feet  from  32)  is  about  $170,000  less  than 
building  one  structure  at  tha  15,000>psi  range  (800  feat  from  GZ)  .  I’ha 
estimated  cost  of  excavating  and  bac)cfilling  for  each  structure  wculd  be 
about  $15,000.  Hence  in  this  case,  if  the  cost  of  the  communication  system 
is  lass  than  $150,000,  two  structures  at  the  lower  overpressure  level  could 
be  built  for  the  price  nf  one  structure  at  the  higher  overpressure  level . 

The  cost  of  the  shocit  isolation  system  for  the  structure  at  the  15,000-psi 
level  is  assumed  to  be  about  the  same  as  the  cost  for  the  shoe)c  isolation 
systems  for  the  two  structures  located  at  the  8,000-psi  pressure  level. 

Based  on  the  information  shown  in  Figures  5?  and  58,  a  planner  should 
not  only  be  able  to  develop  estimates  showing  tha  relative  costs  for 
hardening  antennae  structures,  but  also  be  able  to  prepare  a  realistic  cost 
estimate  for  the  facility. 
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Table  21.  Kelatlve  cost  of  slab-type  closure. 
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Table  '11.  Relative  cost  of  duae-Lype  cLosaire. 
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Figure  23.  Kelatiwe  eosr  of  lO-  anti  20-foot-long  silos. 
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Table  24.  Relative  cost  of  base  slab 
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Table  2!}.  Cost  of  hydraulic  cylinders  and  power  supply  fur  slab  closure  sysCeas 
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SECTION  5 

DISCUSSION,  CONCLUSIONS  AND  RECOMMENDATIONS 

In  chis  saccion,  che  discussion  and  conclusion  ramarlts  hava  ba«n 
oombinad  wicb  racoRunandacions  psaeantad  saparacaly. 

5.1  DISCUSSION  AND  CONCLUSIONS. 

In  fanaral,  btia  authors  baliava  that  woclc  prasantad  in  this  rapost 
raprasants  an  axcallant  sourea  doeumant  for  tha  initial  dasign  and 
praparation  of  cost  astitnatas  for  hardanad  communication  structuras .  Basad 
on  oparational  considarations,  noval  closura  dasiqrns  wara  axaminad  that  show 
promisa  for  antanna  structuras.  Soma  of  tha  partinant  faaturas  prasantad  in 
t.ha  raport  ara  discussad  in  tha  following  paragraphs. 

5.1.1  Raapensa  Spaotra. 

Vartieal  and  hosisontal  caaponsa  spaotra  wara  davalopad  for  a  I-MT 
surfaca  burst  for  thraa  ground  cangas  associatad  with  ovarprassura  lavals  of 
500,  S,0C0  and  15,  000  pai,  for  airblasfinduead  shock;  diraot-inducad  shock; 
and  Itta-tima,  csacar«induoad  motion  (primarily  horizontal) . 

Tha  controlling  vartieal  and  horizontal  rasponsa  spaotra  ara  that 
producad  by  tirblast-inducad  shock. 

5.1.2  Squipinant  Eragility  Laval. 

Shown  in  Figura  23  ara  "sura  safa"  vartieal  and  horizontal  shock  spactra 
for  savaral  diffarant  typas  of  aquipmant.  Comparing  t.hasa  valuas  to  thosa 
shown  in  Figuras  20  and  21  for  vartieal  and  horizontal  shock  spactra  Cor  a 
l-.MT  weapon,  it  is  apparent  that  tha  equipment  (pipes,  radio  receivers, 
alaetrieal  panel  boards,  baetarias,  air*conditioning  units,  ate.)  would 
raquira  shock  isolation  in  order  to  survive  even  at  t.ha  SCO-psi  Isval. 

5.1.3  Design  of  Structural  Slemants. 

Procadures  for  determining  tha  static  resistance  and  dynamic  design  wara 
prasantad  for  slab-tvoa  closures,  dome-tvoe  closures,  silos  and  base  slabs 
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for  siloa.  In  iddition,  she  solutions  were  presented  in  graphic  fora  aaicir.g 
it  possible  to  design  a  hardened  antenna  structure  directly  to  resist  the 
effects  of  a  1-MT  surface  detonation  over  a  sandy  silty  soil.  The  .Tiethod 
should  also  produce  a  good  first-trial  design  for  other  soil 
conditions . 

5.1.4  Lifting  Concept  for  Dome  Closure. 

The  dome  closure  allows  the  antenna  to  occupy  space  just  under  the 
closure  which  is  an  efficient  utilisation  of  this  space  from  a  lifting  and 
operation  standpoint,  see  figure  48 .  The  engagement  distance  for  the 
lifting  ram  to  malce  contact  with  the  closure  is  governed  by  t.he  vertical 
rattlespaee  requirements .  The  antenna  rides  up  with  the  lifting  ram  and 
after  the  dome  opens  is  in  position  for  sending  and  receiving 
communications . 

5.1.5  Lifting  Concept  for  Slab  Closure. 

Several  sliding  slab  concepts  for  both  whip  and  directional  antennae  are 
shown  in  rigures  1  and  2.  for  the  whip  antenna,  the  split  closure  only 
needs  to  open  enough  to  allow  the  antenna  to  be  raised,  roc  t.he  pop-up  and 
fold-out  directional  antennae,  the  split  closure  needs  to  open  more  to  allow 
t.he  antenna  to  be  raised,  for  the  pop-up  directional  antenna,  the  entire 
closure  needs  to  slide  out  of  the  way.  Assuming  that  3  feet  of  ejecta  (soil 
cover)  ever  a  slab  represents  the  maximum  depth  of  ejecta  for  wnieh  t.he 
closure  can  operate  (slide  horizontally),  t.hen  based  on  ejecta  depths  wich 
range  shown  in  Figure  8,  the  maximum  ground  surface  overpressure  for 
consideration  would  be  about  S.OOO  psi  (880  feet)  for  this  type  of  slab 
closure.  For  greater  overpressure  levels,  rise-  and  rotate-type  closures 
would  probably  be  required.  At  t.he  S.OOO  psi  range,  t.he  peait  horizontal 
displacement  would  be  about  l.S  feet  and  the  permanent  horizontal 
displacement  would  be  about  0.7S  feet.  These  large  displacements  require 
special  design  consideration  for  large  horizontal  axcucsions  for  a  sliding- 
type  closure. 

5 . 1 . 6  Equipment  Spece  Requirements . 

Space  requirements  were  based  on  the  size  of  receiving  and  transmitting 
equipment  for  communication,  alternate  power  supplies  to  operate  the  lifting 
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mechanisms  ios  both  the  closure  and  antenna  as  well  as  the  oottimunioaticn 
equipment,  air-conditioninq  systems,  air-exhaust  systems  and  a  sump  pump. 
space  8  feet  in  diameter  by  24  feet  long  is  required  to  house  all  the 
equipment  necessary  for  one  week  of  ooncinuous  operation.  A  space  10  feet 
in  diameter  by  18  feet  long  is  required  to  house  all  the  equipment  necessary 
for  one  month  of  continuous  operation.  For  a  structure  with  a  slab^type 
closure,  the  silo  would  need  to  be  longer  t.han  a  silo  with  a  dome-type 
closure  to  accommodate  space  for  a  dished  antenna. 

5.1.7  Rattlespace  Requirements. 

The  estimated  rattlespaoe  requirements  have  also  been  included  in 
Figure  48  to  provide  an  appropriate  vertical  and  horizontal  shock  isolation 
system  to  proteot  the  equipment  located  on  the  internal  support  system. 

These  present  first-cut  estimates  and  probably  would  be  refined  during  the 
final  design  when  better  values  of  coupling  and  system  frequencies  are 
determined. 

5.1.3  Hardness-Cost  Trade-Offs. 

I 

The  primary  eonstsuetion  costs  versus  overpressure  for  antenna 
structures  having  4,  8,  and  12  foot  inside  diameters  ace  shown  in  Figure  57 
for  slab  closures  and  Figure  58  for  dome  closures.  By  first  comparisons,  it 
would  appear  that  the  structure  with  the  dome  closure  costs  a  great  deal 
more  than  a  comparable  structure  with  a  slab  closure.  It  should  be  noted 
that  t.he  dome  closure  provides  more  usable  space,  and  that  the  slab  closure 
system  would  require  a  greater  length  silo  to  provide  comparable  usable 
space;  hence,  the  cost  would  increase,  it  can  be  observed  that  costs  are 
greater  with  increases  in  the  diameter  and  the  pressure  the  system  must 
resist.  It  is  believed  that  sufficient  information  is  provided  to  make 
hardness-cost  trade-off  evaluations  for  communication  systems  typical  to 
those  described  in  this  report. 

5 . 2  RSCCMMENOATIONS . 

Recommendations  are  presented  for  use  of  this  report  and  a  test  program 
supportive  of  hardened  structures  to  house  antennae. 
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5.2.1  Initial  Daai^n  ot  Hardanad  Antanna  Seructuras. 

It  is  racoRimandad  that  tha  information  in  this  caport  ba  usad  for  tha 
initial  dasign  of  hardanad  structuras  to  housa  whip  and  diractional 
antannaa.  Xt  is  also  saeommandad  that  tha  oost  information  prasantad  ba 
usad  to  maha  talativa  coat  aatimatas  as  wall  as  aotual  cost  astimatas  for 
tha  savasal  typas  of  hardanad  structuras  discussad. 

5.2.2  Tast  Program. 

Tha  concapts  of  a  split  slab  olosura  and  a  doma  olosura  that  opans  liica 
patals  on  a  flowar  raquira  tasting  bafora  such  gaomatrias  can  ba  usad  in  a 
raal  systam.  Xt  is  racommandad  that  a  tast  program  ba  davalopad  for  risa 
and  rotata  slabs  and  for  domas  that  opan.  Tha  tast  program  should  includa 
tha  machanical  dasigns  for  oparating  tha  olosuras  as  wall  as  raising  tha 
antannaa  systams.  aoth  concapts  should  ba  avaluatad  on  how  affactiva  they 
ara  in  pushing  through  various  thioknassas  of  soil  oovar  (ajaeta)  .  rinally. 
t.ha  systams  should  ba  tastad  in  a  KEST-typa  anvironmant  chat  simulatas  t.ha 
blast  and  shock  from  a  nuclaar  avant.  Soma  modal  casts  would  ba  dasirabla, 
but  at  laast  a  halS-scala  cast  would  ba  raquirad  to  chack  out  t.ha 
machanical,  hydraulic  and  communication  aquipmant  in  such  a  systam  to  a 
raalistic  blast  and  shock  anvironmant. 

Anot.har  possibla  systam  that  could  ba  vary  affactiva  in  mitigating 
vartical  motion  to  t.ha  intarnal  aquipmant  would  ba  t.ha  usa  of  a  “floating 
basa  slab."  Upon  loading,  tha  silo  punchas  into  tha  soil  lika  a  cookie 
cuttar,  thus  snaltaring  tha  basa  slab  from  tha  intansa  vartical  shock.  X.t 
this  mannar,  only  tha  vartical  rattlaspaca  (saa  rigura  48)  at  t.ha  top  of 
tha  aquipmant  stack  should  naad  to  ba  oonsidarad,  thus  minimising  tha  langth 
of  tha  silo.  Spacial  attantion  would  ba  raquirad  for  tha  horizontal  shock 
isolation.  STor  axampla,  t.ha  supporting  structure  attached  to  tha  basa  slab 
could  usa  rotatabla  connactions . 
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